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Data on the polarography of uranium salt solutions, in the valencies of three, 
four, and six are given. These measurements are compared with the older 
published work on the oxidation-reduction potentials of the uranium ions, and 
the two sets of figures related by means of the hypothesis of an unstable UO£ 
ion, which is also held responsible for the shift of potential of a U^-U 1 ^ electrode 
under illumination. New figures are given for several oxidation-reduction 
potentials. 


The literature references to the electrochemistry of aqueous solutions 
of uranium salts are numerous and confusing : no connected account of 
the subject from the electrochemical, as distinct from the analytical or 
preparative point of view, has appeared. This paper and the one which 
follows it are an attempt to remedy this deficiency. As a result of the 
newer investigations, it is now possible to give a plausible general descrip¬ 
tion of the electrode processes in uranium salt solutions, although many 
details remain to be cleared up. The present paper is a survey of the 
processes at inert electrodes, while the following one deals with the kinetics 
of the decomposition of an unstable ion of pentavalent uranium, which 
plays an important part in the electrode reactions. A note on these sub¬ 
jects has been published. 1 

Recently Kolthoff and Harris, who had been working, unknown to us 
and simultaneously with us, on the polarography of uranium, published 
a comprehensive account of their researches. 2 - 3 - 4 We shall therefore 
touch only briefly on those results common to both investigations and 
already published by Kolthoff and Harris.* 

Uranium, in non-complex aqueous solutions of its salts, has three 
valencies stable enough for solid salts to be isolated, viz. three, four and 
six. The trivalent salts reduce water, and are therefore difficult to work 
with. In weakly acid and neutral solutions, complicated hydrolysis 
reactions, which are not yet fully understood, take place. The predominant 
ionic form of hexavalent uranium in strongly acid solutions is the uranyl 
ion, UO a h , which also forms the solid salts of this valency state. Kolthoff 
and Harris’s polarographic studies and pH measurements of nearly neutral 
solutions 4 show that this ion is largely hydrolysed to UO t OH + , and perhaps 
partly to UO a (OH) a in such media, but that hydrolysis is no longer de¬ 
tectable in 10- 3 M uranyl solutions containing more than about 5 x 10- 4 M 
free HC 1 . There is little evidence concerning the extent of hydrolysis of 
U IV and U m ions. We find that U IV solutions precipitate UO a , sometimes 
only after prolonged standing, in pH’s of the order of 3 and over, suggesting 
the presence of hydrolysed forms of the ion : moreover, salts of U IV 
cannot be dehydrated without decomposition. These facts, as well as 
theory, make it unlikely that U ++++ exists in the solutions, and point 
to UO ++ , UOOH+ or UOH+++ as the probable main ionic form of U lv 
in acid solutions. Polarographic evidence will be quoted to show that 

1 Heal, Nature, 1946* *57» 225. 

1 Kolthoff and Harris, J. Amer. Chem. Soc 1945, 67, 1484. 

* Kolthoff and Harris, ibid., 1946, 68, 1175. 

4 Kolthoff and Harris, ibid., 1947, 69, 446. 

* The writer gratefully acknowledges useful private correspondence with 
W. E/ Harris. 
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the predominant form of U ni in i M HC 1 , or in 0 5 M H 8 S 0 4l differs only 
by one electron from the predominant form of IJ IV in the same acid. 

One might expect that the potentials of U IV — U VI and U m — U IV couples, 
measured statically, would correspond to the potentials at which the 
respective ions are oxidised or reduced at an electrode, but the published 
figures do not by any means correspond. The discrepancies are accounted 
for in this paper. 

Experimental 

Because of the complicated nature of the reactions, the polarograph, which 
gives information about the concentration of ions and the reversibility of 
electrode processes as well as mere potentials, was chosen in preference to static 
electrode potential measurements for our general study. (For the investigation 
of the kinetics of U v decomposition however, a special static-potential apparatus, 
described in the next paper, was set up.) The polarograph was an ordinary 
hand-operated apparatus, with a continuously variable applied potential. A 
separate reference electrode was used throughout. The uranyl sulphate em¬ 
ployed contained less than o*i % of foreign metals and anions. Uranyl chloride 
solutions were made up by dissolving equally pure UO a in hydrochloric acid. 
Solutions of U IV and Um were prepared by reducing the sufficiently acidified 
appropriate uranyl solution elcctrolytically in a cell with mercury cathode and 
sintered-glass diaphragm. 6 For U IV , reduction was continued until the solution 
began to turn brown, then the trace of U in present oxidised by blowing air 
through for 1-2 min. For U ni , reduction was continued to the limit, in an 
atmosphere of hydrogen, which was maintained during transfers. The solutions 
of U in were used immediately after preparation. 

Results 

The polarograms of acid uranyl solutions contain three reduction-waves at 
potentials more positive than the hydrogen wave. Those of acid IJrv solutions 



Fig. 1.—Folarogram of o-ooi M UO t Cl a , 
o*oi M HC 1 , o*i M KC 1 , in the ab¬ 
sence of a maximum-suppressor. The 
broken line under the first wave shows 
the approximate curve in presence of 
a suppressor. 

(i) First uranyl wave, (ii) Second (com¬ 
posite) uranyl wave, (iii) Hydrogen 
wave, (iv) Wave probably resulting 
from reduction U 111 to uranium 
metal. 

A part of the hydrogen wave corre¬ 
sponding to 400 scale divisions has 
been cut out for compactness, as in¬ 
dicated. 


contain one reduction-wave, and those of acid U 111 solutions one oxidation-wave, 
in this region of potential. These latter waves correspond in position and height 
to the third wave in uranyl polarograms for^solutions of the same molar con- 

5 Lawrence, J. Amer. Chem. Soc., 1934, 5^. 782. 
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centration. Potentials on the other side of the hydrogen wave were difficult 
to investigate, because this wave is very high in solutions acid enough to suppress 
hydrolysis, and the amplitude of the current fluctuations as the mercury dropped 
was correspondingly large. However, a high wave was detected in this region 
in the polarograms of acid uranyl solutions. Fig. i shows a typical uranyl 
polarogram. The first wave, which is the one generally employed in analytical 



Fig. 2.—Polarograms for 0*07 M U* v in M IIC 1 (above) and for the same 
solution after the U IV had been electrolytically reduced as far as possible 
(below). 



Fig. 3.—Polarograms for o*oi M U IV in 0*5 M II t S 0 4 (above) and for the same 
solution after the U IV had been electrolytically reduced as far as possible 
(below). The broken line shows the approximate position of the curve in 
presence of a maximum-suppressor : the wave-height is estimated from here, 

polarography, exhibits on this figure the maximum usually present unless a sup¬ 
pressor is added. The second and third waves are so nearly superimposed that 
they appear as one, which will be referred to as the " composite wave " : this 
is always the case with chloride solutions, although a slight kink can sometimes 
be seen halfway up the " wave." 

The U MI -U IV Oxidation-Reduction. —The interpretation of the waves 
for this reaction presents no difficulty. Fig. 2 illustrates the reduction-wave 
for cox M U IV in M HC 1 , and the oxidation-wave for the sam# solution after 
reduction of the uranium to U m . The two waves have almost the same half- 
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wave potential and total height. The part of the “ Uw ” wave on the side of 
the potential axis corresponding to a reduction undoubtedly represents some 
U* v still present in the U” 1 solution, which could not be completely eliminated 
because of the reaction between U* n and water. Fig. 3 shows the corresponding 
waves for U IV and U UI in 0*5 M H,S 0 4 solution. The oxidation-wave has a 
maximum in this case. 

Fig. 4 and 5 show accurate plots of the U IV reduction-wave in M HC 1 and 



Fig. 4.—Accurate plot of polarographic wave for o-oi M UC 1 4 in M HC 1 , with 
i 

log -r-: line (shaded circles). Temperature o° C. 

i d — 1 



Fig. 5.—Accurate plot of polarographic wave for o-oi M U(S 0 4 ) g in 0*5 M 
H # S 0 4 , with log —-—line (shaded circles). Temperature o° C. 

l d 1 

are also given. These have gradients 0-064 V and 0-061 V, slightly higher than 
the theoretical 0-058 V for unit valency-change in the reduction. Kolthoff 
and Harris 2 found 0-08 V and concluded that the reaction was not polarographic - 
ally reversible. The discrepancy is probably due to the fact that their measure¬ 
ments were made at 25 0 C and ours at o° C, and to the large error in the slope 
measurements. 

Comparison of the half-wave potentials and wave heights for the U* v and 
XJni waves shows that the reduction of U T ? at the electrode gives rise directly 
to the predominant form of TJm present in the Uni solution. Hydrogen ions 
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do not participate in the electrode reaction (see later) : hence the U*v ions 
can only differ from the Uin ions by one electron. They could thus be UO ++ 
and UO + respectively, or UOH+++ and UOH++, but not UOOH+ and UOOH, 
for this would mean unionised Uni. The chief ionic form of U 1 ^ must therefore 
be either UO ++ or UOH+++, and the chief form of UM must be UO + or UOH++, 
in acid solutions. 

The of the U 1 * reduction-wave * is — o*6g V in M HC 1 . This agrees 
well with the figure — o*68 V obtained by Kolthoff and Harris* for M HC 10 4 
and — 0*71 V for o 1 M HC 1 . These acids probably, therefore, do not form 
strong complexes with the ions of U 111 and U IV , otherwise divergences might 
be expected. In 0*5 M H t S 0 4 , on the other hand, E\ is — 0*85 V, showing 
that a strong complex with U IV is probably formed. A complex with a dis¬ 
sociation complex of about io~ 8 would account for the E\ value. 

The question next arose : would it t>e possible to oxidise U IV to a higher 
valency state at an electrode ? The polarograms already given showed that 
no oxidation-wave was found up to + o*6 V, the most positive potential attain¬ 
able with a dropping mercury electrode in 0*5 M H 2 S 0 4 . Accordingly, a still 



Fig. 6 . —-Polarograms with platinum microelectrode: for 6M HC 1 (above 
o*oi M FeCl 8 in 6M IIC 1 (centre) and o*oi M UC 1 4 in 6M HC 1 (below). 

(i) Fe ++ - > Fe +++ . 

(ii) Cl- —> JC1,. 

more positive range of potentials was investigated by means of a stationary 
platinum micro-electrode. The procedure was tested on solutions of Fe + + , 
which gives an oxidation-wave in this region. With the same molar concentra¬ 
tion of Uiv, o-oi M, in the same acids (3 M II 2 SG 4 and 6M HC 1 ), and the same 
current sensitivity, no distinct waves were found before the discharge of oxygen 
or chlorine (Fig. 6 and 7). However, in 3 M H g S 0 4 there was a long irregular 
rise of current, culminating in the evolution of oxygen bubbles : this may have 
been caused by partial depolarisation of the electrode through reaction of the 
polarising oxygen with Uiv, and consequent reduction of the oxygen overvoltage : 
it cannot be regarded as a true polarographic wave. These results lead to the, 
at first sight, surprising conclusion that Uiv cannot be oxidised by a primary 
electrode process although, of course, a secondary chemical oxidation may 
occur. The polarograms were checked under various conditions. Moreover, 

* All half-wave potentials, referred to as E\, are given on the hydrogen scale 
for comparison with ordinary electrode potentials. Values quoted from Kolthoff 
and Harris are also given on this scale ; in the original papers, however, they 
are stated with respect to the saturated calomel electrode. 
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an attempt to oxidise U™ electrolytically on the large scale, in M HC 1 , by 
means of a platinum electrode kept at about +07V failed. 

The Uranyl Polarogram. —Notwithstanding the failure to oxidise U* v 
at an electrode, U v * is reduced at the dropping mercury cathode. A typical 
uranyl polarogram, similar to those already described in the literature,** e * 6 7 is 
shown in Fig. 8. In moderately acid solution the second “ wave " (which in 
the figure exhibits its composite character) is always nearly twice as high as the 
first. The conclusion is that three stages of reduction take place in all, each 
by one unit of valency. If this is so, the slope of the first wave should be that 



Fig. 7.—Pclarograms with platinum microelectrode for 0*01 M U IV in 3 M 
H 2 S 0 4 (above), and 3 M II 2 S 0 4 alone (below). 


(i) Irregular current rise, perhaps due to depolarisation. 

(ii) hso 4 tiso 4 ^-^:-> hso 4 - -h t/ 4 o 2 + *h 2 o. 



Fig. 8. —Polarogram for o*oiM UO a Cl 2 in o-iM HC 1 and 0*9 M KC 1 , with 
0*02 % gelatin as maximum-suppressor. 

(i) First uranyl wave, (ii) Composite uranyl wave. (iii) Hydrogen wave. 


for a unit reduction. This wave, together with the corresponding log ^ 

. — * 
line, is shown in Fig. 9. The gradient of the latter is 0*055 V (theoretical 

0*058 V for unit valency change at the temperature of the experiment, o° C) ; 

is ■+* 0*05 V. For the corresponding E± in 0*5 M H 2 S 0 4 solution, the value 
H- 0*04 V was found. Thus it is probable that neither UOJ+ nor its reduction- 
product forms a strong complex with HC 1 or H a S 0 4 . Trials made by us confirm 
KolthofI and Harris's observation that the height of this wave increases markedly 
as the acidity is increased above about 0*5 N. 3 

6 Herasymenko, Trans. Faraday Soc., 1928, 24, 267. 

7 Strubl, Coll. Czech. Chem. Comm., 1938, 10, 466. 
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Fig. 9.—Accurate plot of first uranyl wave for o*oi M U 0 2 C 1 2 , o*i M HC 1 , 
0*9 M KC 1 , with log ^. * line (shaded circles). Temperature o° C. 



Fig. 10.—Accurate plot of composite wave for 0*01 M U 0 2 S 0 4 , 0*05 M H 2 S 0 4 , 
0*9 M JKC 1 , with 0*02 % gelatin. Temperature o° C, 



Fig. 11.—Accurate plot of composite wave for o*oiM UQ a Cl 2 , o*iM HC 1 , 
0*9 M KC 1 # with 0*02 % gelatin. Temperature o° C. 
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The upper part of the composite wave in the uranyl polarogram corresponds 
in 2 ?§ to the wave, found in the polarograms of U m and U™ solutions, 

Like the latter, it is displaced by complex-formation to a potential about o*i6 V 
more negative, in presence of II 2 S 0 4 . This makes the double nature of the 
wave more evident, and shows that the lower part is irregular in shape, while 
the upper part is more or less logarithmic (Fig. io). In chloride solution without 
H t S 0 4 (Fig. ii), the composite wave has a perceptible break. 

In agreement with Kolthoff and Harris, 2 we found that none of the £$'s 
in the uranyl polarogram is systematically affected by varying the acidity over 
the range 0*03 N to N. At lower acidities evidence of hydrolysis 4 begins to 
appear. We conclude that hydrogen ions do not participate in any of the 
primary electrode reactions. 


Discussion 

The Structure of the Uranyl Polarogram. —Considering for the 
moment only that part of the polarogram on the positive side of the 
hydrogen wave, the starting material for reduction is U 0 2 + , and the 
last stage of reduction yields UO H or UOH +4 . Since it has been shown 
that none of the electrode reactions involves hydrogen ions, there must 
be a purely chemical reaction of inverse hydrolysis at some point. The 
most probable mechanisms are : 

First wave U 0 2 + + e ^ UO a + 

Composite wave (lower part) UO£ -f e -* UO a (not reversible) 

„ ,, (upper part) IJOH+++ + e ^ UOH++ 

or UO++ -f e UO + . 

The second reaction, giving rise to the lower part of the composite wave, 
would produce a solid, perhaps ephemeral, layer on the mercury surface, 
which would account for the irregular “ irreversible *' shape of the wave. 
In order for the upper part of the composite wave to appear, there must 
be enough acid to convert UO t to UOH+++ or to UO++, i.e. 

UO a + 3H+ H n O 4. UOH+++ 
or U 0 2 + 2H+ -> 1 I 2 0 + UO *■+. 

Kolthoff and Harris noted 4 that in nearly neutral solutions this wave is 
missing. Pierl£ 8 * found that a UO z electrode in a uranyl solution took up 
a potential near that of the second wave, as one would expect if the wave 
in fact represents a deposition of oxide or hydroxide on the dropping 
electrode surface. 

The Potential of Uranium Metal against U m .—This has never 
been satisfactorily measured. The high wave in the uranyl polarogram 
coming after the hydrogen wave can only correspond to the reduction 
U m U metal. Its E$ is about — 1 *6 V. A potential for the U m -U metal 
couple in this region is in accordance with the chemical properties of the 
element, unlike the values given in the older literature. 

The Oxidation-reduction Potential of the U m -U IV Couple. —The 
best values so far obtained for this potential are the E± values for the 
U m -U IV wave, which are — 0-69 V and — 0-85 Y in M HC 1 and 0-5 M 
H,S 0 4 respectively. Luyckx • and more recently Khlopin and Gurevitch, 10 
measuring with platinum electrodes, obtained very different values, near 
zero on the hydrogen scale : these workers overlooked the fact that a 
platinum electrode immersed in such a strongly reducing solution im¬ 
mediately becomes covered with a film of hydrogen, and functions as a 
hydrogen electrode. (Mercury is the only practicable electrode material 
in such solutions : it was used in a recent measurement of the vanadium 

8 Picric, J. Physic . Chem., 1919, 23, 517. 

8 Luyckx, Bull. Soc. chim . Belg., 1931, 40, 269. 

10 Khlopin and Gurevitch, Bull. Acacl. Sci. U.R.S.S. , 1943, 371, 381. 
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redox potentials, where the same difficulty arises.) 11 The potential¬ 
determining reaction must be 

UOH+++ -f e ^ UOH++ 
or UO ++ -f e ^ UO+ 

because (i) chemical evidence shows that the U IV can only be present as 
UOH+++ or UO ++ , and (ii) polarographic evidence shows that the electrode 
reaction is simply a one-electron transfer. 

Electrode Reactions of the'UOJ* Ion.—Here it is necessary to account 
for the following facts. 

(i) The standard potential of the U VI -U IV couple in acid solutions has 
been measured by several investigators, 13 • 11 < 17 with reasonably concordant 
results. The best measurements available to us, those of Titlestad, give 
the value 4- 0*404 V on the hydrogen scale. This does not correspond 
to any of the s in the uranyl polarogram. The question therefore 
arises, whether it is necessary to postulate a different reaction at the 
platinum electrode, which was employed in these measurements, or whether 
this potential can be fitted into the polarograph reaction scheme outlined 
above. 

(ii) The general interpretation of the uranyl polarogram, and the slope 

of the log —: line for the first wave, show that an ion of quinquavalent 

t d — 1 

uranium is formed in the first reduction, 

uo; + + e uo;, 

yet the large scale electrolytic reduction of uranyl solutions does not yield 
a salt of quinquavalent uranium, nor are such salts known at all. 

(iii) The Becquerel effect : the potential of a platinum electrode in 
a mixed U IV -U VI solution, with respect to any suitable reference electrode, 
drifts to a more negative value under illumination. The initial drift, 
and the return to the normal potential after the light is shut off, are both 
exponential in character, and occupy periods of the order of seconds or 
minutes. 

An ordinary redox equilibrium does not explain this. 12 * 14 * 16 - 16 The 
following hypothesis will account for these observations. The ion UOJ 
is unstable but is not reduced to IJ IV at the potential of the first uranyl 
wave, and persists in the neighbourhood of the dropping electrode until 
it undergoes disproportionation with another ion of the same kind into 
U lv and U VI . At moderate acidities, this reaction is still too slow to 
affect the shape of the wave, but above about 0*5 N acidity this is no longer 
the case. Kolthoff and Harris showed 3 that the increase in height could 
be explained qualitatively by supposing that the rate of decompositon 
increased with acidity and temperature. In our next paper we give 
numerical values for the rate constant of the disproportionation, obtained 
by a different method. We assume that the UO, ion is not only formed 
by reduction of U 0 2 + , but is always present in mixed U VI -U IV solu¬ 
tions at a concentration determined by a formation-disproportionation 
equilibrium 

Xjvi 4- U IV v* 2U V . 

We now postulate that the potential-determining reaction at a platinum 
electrode is the same as that at the dropping mercury electrode, viz. 

UO, H 4 - e U 0 2 + 

11 Jones and Colvin, J. Arner. Chem. Soc., 1944, 66, 1547. 

12 Baur, Z. physik. Chem., 1908, 63, 689. 

18 Luther and Michie, Z. Elektrochem., 1908, 14, 829. 

14 Titlestad, Z. physik. Chem., 1910, 72, 264. 

15 Schiller, ibid., 1912, 80, 656. 

10 Trtimpler, ibid., 1915, 90, 385. 

17 McCoy and Bunzel, /. Amer. Chem. Soc., 1909, 31, 367.* 

I* 
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but that in the former case the concentrations of the two ions are grossly 
unequal, whereas in the latter case they are of the same order : i.e. the 
U v concentration is very small when the U v is in equilibrium with U IV 
and U VI , but is much larger in the neighbourhood of the dropping electrode, 
where reduction is continuously taking place. E± is approximately equal 
to the standard potential for this electrode reaction, which corresponds 
to equal concentrations of U VI and U v ; * it is 4 0*05 V. 

The potential of a platinum electrode in a mixed U VI -U IV solution 
should therefore be given approximately by the Nemst equation : 


, RT, [UOJ+] 

= o o5+ F-m [l4j- 


Titlestad gives the value 4 0*404 V for E at M concentration in each 
of U VI , U IV and H + . If this figure is substituted in the Nemst equation, 
the concentration of U v in such a solution turns out to be about 10- 8 M. 
This is consistent with the value io\ set as the lower limit for the equili¬ 
brium constant 


K = 


#not + • fl rooi^ 


by Kolthoff and Harris, from their polarographic measurements. 3 It is 
too low a concentration to be detected chemically or spectroscopically. 
Titlestad found that the equation 


E~E 0 + 


RT [UO^][H+] 4 
zF [U ++++] 


fitted the observed variations of the platinum electrode potential with the 
concentrations (assuming that all the U IV was present as U ++++ ), and 
concluded that the electrode reaction was 


U 0 J + + 2e 4 4 H+ ^ U<-+++ + 2H a O. 

An exact quantitative comparison of the results given by the hypothesis 
of quinquavalent uranium with Titlcstad's potential equation is out of 
the question, because the charge on the U IV ion is not known, and the 
required activity coefficients cannot be estimated even approximately : 
however, the following considerations show that there is no obvious in¬ 
consistency. Assuming first that the ionic form of U IV is mainly UOH+++, 
the total disproportionation reaction (not necessarily occurring in one stage) 
will be 

2XJO; + 3H+ v* VOW *■+ + UO a +l 4 H* 0 , 
the activity of U v at equilibrium is therefore 

The Nernst equation for the U V1 -U V electrode is 


E = 


0*05 4- 


In 

F a uoJ 


and substituting this value of the U v activity gives 


E 


005 + 


RT [UO a i ]fH + ] 3 
2 F LUOH+++J 


4 in (const.) 


plus a logarithm containing the activity coefficients. This equation 
agrees with Titlestad’s, except that the H + concentration occurs to the 
third instead of the fourth power. However, the activity coefficient 


* This is the case so long as decomposition of the U* is not so rapid as to 
affect the wave-height : this requirement is fulfilled in acidities below 0*5 N. 8 
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factor also varies with the ionic strength of the solution, and therefore 
with the acidity, in such a way that this power is in effect increased. If 
one assumes alternatively that the U IV is present as UO++, the H + con¬ 
centration enters as the square into the Nernst equation ; moreover, 
the activity-coefficient factor would not vary much with acidity, for the 
U VI and U IV ions have the same charge. This assumption is, therefore, 
not in good agreement with Titlestad's observations, and these results 
tend to support the belief that UOH+++ is the predominant form of ionic 
U IV in acid solutions. 

As regards the Becquerel effect, we postulate that the U v concentration 
in a U IV -U VI solution is increased by illumination. This demands an 
increased rate of reaction between U VI and U IV , which is plausible, because 
of the well-known activation of the uranyl ion by light.* At constant 
intensity of illumination, the U v concentration attains a steady value 
higher than in darkness. The consequences of this hypothesis are ex¬ 
amined qualitatively in our next paper. The existence of a purely chemical 
stage in the reduction of ionic U V1 or U v to ionic U IV is the reason why 
the reverse oxidation cannot be made to take place electrolytically at the 
same potential. The removal of an additional electron from UOH +++ , 
or from UO++ as the case may be, would not lead to the known form U v , 
and requires too great an energy to be possible in the accessible range of 
potential. 

This work was performed at the Montreal Laboratories of the National 
Research Council of Canada. 

National Research Council of Canada , 

Chalk River , 

Ontario. 

* Dr. Weiss of Newcastle has kindly drawn our attention to his own publica¬ 
tions on the photochemistry of uranium, in which an unstable UOJ was postulated 
as an intermediate stage in the photochemical reduction of UOJ + . 
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By H. G. Heal and J. G. N. Thomas 
Received 10 th February, 1948 ; as amended 16 th June, 1948 

The formation and disproportionation of an unstable UOJ ion in H f S 0 4 
solutions of U IV and U v * have been studied. The technique was to measure 
the potential of a platinum reference electrode in the solution, which is deter¬ 
mined by the U^/Uv activity ratio. U? is formed by reaction of U v * with U**, 
which is accelerated by light, and by electrolytic reduction of U VI , attaining a 
maximum concentration of approximately icr 5 M under the conditions of our 
experiments. Its disproportionation is of the second order in U?, and approxim¬ 
ately of the first order in H+. The activation energy of the disproportionation 
is about 9,500 cal. A number of values for the rate constants are given. 


In the preceding paper it was shown that the electrochemical behaviour 
of uranium solutions was consistent with the hypothesis of an unstable 
ion of quinquavalent uranium. It was postulated that this ion is present 
at a minute equilibrium concentration in mixed U VI /IJ IV solutions, and 
that this concentration may be temporarily increased, either by reduction 
of the U VI at an electrode, or by illuminating the solution. This paper 
describes experiments which show that the unstable substances formed in 
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these two ways are actually identical, and yield approximate values for 
the rate constant of the disproportionation of the U y . Several writers 
have described the drift of the platinum electrode potential under illumin¬ 
ation, giving various qualitative explanations. 1 - 2 The drift during electro¬ 
lytic reduction was observed by Luyckx, 3 who, however, did not realise 
that it was connected witli the light-effect and gave a rather improbable 
explanation for it. 


Principles of the Method 

According to our hypothesis, U v disproportionates spontaneously into 
U IV and U VI . The disproportionation must be of the second order in U v , 
but is of uncertain order as regards hydrogen-ion concentration. At 
equilibrium, in darkness, this disappearance of U y is balanced by formation 
of U y at an equal rate by reaction between U IV and U VI . When an elec¬ 
trode at a more negative potential than that determined by the U VI /U V 
equilibrium is introduced, or when light falls on the solution, U y is pro¬ 
duced more quickly, and its concentration rises over a period of time to a 
new equilibrium value, falling gradually to the “ darkness value ” again 
when the light is shut off, or reduction stops, as the case may be. These 
changes in U v concentration are reflected in changes of the potential of a 
platinum reference electrode in the solution, which potential, according 
to the hypothesis, is determined solely by the U yi /U y activity ratio. 
Our procedure was as follows : the U v concentration was temporarily 
increased by reduction and illumination successively in the same uranium 
solution, and the potential of a free platinum electrode was plotted as a 
function of time, as it returned to equilibrium during the disproportion¬ 
ation of the excess U y . From the curve it was possible to determine the 
rate constant for the disproportionation. The objects were to test the 
theory generally by ascertaining whether the potential-shift followed 
the equation predicted for it, and whether the curve was the same after 
illumination as after reduction ; and, if all was satisfactory in this respect, 
to measure the rate constants for various compositions of solution, study¬ 
ing especially the variations of decomposition velocity with acidity and 
temperature. 

In the following discussion, concentrations will be used everywhere 
in place of activities. This is strictly justified in dealing with the time- 
variation of the potential, for the concentrations of the major constituents 
of the solution did not vary appreciably, during an individual experiment, 
and the activity coefficients were therefore practically constant. When 
the results for different solutions are compared, however, correction should 
be made for the variation of activity coefficients. Since such corrections 
could not reasonably be estimated for the complex ionic mixtures involved, 
we attempted to keep the ionic strength constant by adding a neutral salt 
in the series in which the acidity was varied (see Experimental). In the 
temperature variation series the only variation of activity coefficients 
was that due to temperature changes, which is probably rather small. 
The effect of varying the activity coefficients would be twofold, viz., upon 
the potential measurements, and upon the reaction velocity. 

We assume that the first stage of the disproportionation mechanism is 
a reaction between 2UO+ and wil+ ions.* 

It is, of course, very unlikely that n would be greater than one, al¬ 
though probably two or four H+ ions participate before the end-products 

1 Titlestad, Z. physik. Chem., 1910, 72, 264. 

8 Baur, ibid., 1908, 63, 689. Schiller, ibid., 1912, 80, 656. Trilmplcr, ibid., 
1915. 90, 385* 

3 Luyckx, Bull. Soc. chitn. Belg., 1031, 40, 269. 

* Writing H+ instead of IT a O + for convenience. 
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(stable U IV and U* 1 ions) are reached. The velocity of disproportionation 
is determined by the first stage. There is no physical distinction between 
the reactions (taking n = 1, for example) 

2UO+ + H+ UO^ + UOOH+ and 
( UOJ -f H+ UOOH"*+ followed by I 

t uoj + uooh++ -> uo; + + uooh+ /’ 

and the same reasoning applies to both. Hence the rate of disproportion¬ 
ation is given by &[H + ] W C 2 , where C is the instantaneous U v concentration. 
At the same time, however, U v is being formed out of U IV and U VI . The 
rate of formation does not depend on C, and it is equal, in darkness, to 
the rate of disproportionation of U v at equilibrium. Let the equilibrium 
concentration of U v for a given solution be C E ; then the rate of formation 
of U v in darkness, from U VI and U IV , is &[H+] n C|. The net rate of dis¬ 
appearance of U v is therefore 

A[H+]-(C* - Cj) = - -~j. 


This is a form of the ordinary second-order equation, and yields when 
integrated 


t 


-I -i„ C + C Ji + 

2 K[H+]“C £ C ~ C f ^ 


constant. 


If now the concentration at zero time is defined as C 0 , then 

1 . C -)* Cj? Cq — Cp: 

“ C=c E x C7+C~ e - 

The concentrations can all be expressed in terms of potentials, which are 
the quantities actually measured. Let the instantaneous potential of 
the platinum reference electrode be E, the potential at zero time E 0 , 
and the equilibrium potential E F , all measured with respect to the half- 
wave potential of the first uranyl wave. 

This is close to the standard potential for the UOg, — UOj + couple.* Thus 

~ RT. C 

F In [UO^]’ 

etc. When these values are substituted in the velocity equation, the 
following result emerges : 


RT E'F E'F 1 

1 * 2a:[H+]"[u 6^] { In tanh 7rt ~ ln tanh 2RfJ f 

where E' = E e — E, E ' 0 = E e — £ 0 . 

E' e is the divergence of the (arbitrary) starting potential from the 
equilibrium potential and E' the corresponding divergence of the in¬ 
stantaneous potential. ( E ' is, of course, constant for a given run.) 

E'F 

The graph of t against log tanh should be a straight line, from the 

slope of which K can be determined. This equation actually fits the 
results very satisfactorily. 


* There is a small divergence due to the departure from equality of the two 
activity coefficients and the two diffusion coefficients. However, if the half¬ 
wave potential is measured in a solution of similar composition to that used for 
the experiment, similar activity coefficient factors enter at both ends of the 
potential difference measured, and tend to cancel each other. The diffusion 
coefficient ratio is close to 1 and introduces only a trifling error. 
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A similar argument gives the corresponding expression for the shift 
of potential away from the equilibrium value when the solution is lit by 
light of constant intensity : 


t 


exp 


RT 


2 A[H+J"[U 0 2 ++ ) 


I In tanh 


zRT 


— In tanh 


Kf\ 

2RTy 


where E e = E e — E 0 

and E'a = E — E a . 


Here E and E P are as before, and E 0 is the steady potential reached under 
illumination. 

All the uranium solutions for which results are given here contained 
sulphate and bisulphate as the only anions. Hydrochloric acid solutions 
would have been more convenient for estimating the hydrogen-ion con¬ 
centration, but for some unexplained cause the Becquerel effect is not 
observed in U VI — U 1V solutions in HC 1 (although a solution containing 
no U IV may display it 2 ). We made a few trials with chloride solutions 
and found a potential shift on reduction, but no light effect. This deserves 
further examination, and it would also be interesting to study HC 10 4 
solutions. 

A mercurous sulphate electrode containing 0-5 M H 2 SG 4 was used 
as “ fixed ” reference electrode against which to measure the potential 
of the platinum electrode, because it did not introduce chloride ion and 
was also convenient for measuring the required half-wave potential. 

Since the absolute values of K depend upon an exponential function of 
the measured potentials, they are inevitably subject to large errors (a 
factor of 2 is not improbable). The error is mostly due to the exponential 
term in the gradient expression. The relative accuracy of the K values for 
varying acidity and temperature should be considerably better than this, 
probably within 10 % error, and the error in the gradient from a single 
line is not above 5 %. To minimise the errors in the E F values for the 
different solutions of the acidity series, the junction-potentials between 
mercurous sulphate electrode and uranium solution were corrected for 
(see Experimental). 


Experimental 


'lhe uranium solutions were prepared from 99*9 % UO a S 0 4 , and crystalline 
E(S0 4 ) 2 . 4H s O prepared therefrom by electrolytic reduction. The two salts 
and the H 2 S0 4 were analysed for U IV , U VI , free acid, and SO^” as required. 

1 wo sets of measurements were made, using different pieces of apparatus. 
In the first, (hig. 1), the excess U v could be produced either by electrolytic re¬ 
duction or by illumination : this was used to compare the two effects, and for 
some A measurements with varying total uranium concentration and varying 
Uvi/XJiv ratio. Jhe second apparatus (Fig. 2) allowed only of illumination, 
but was easier to set up and more reliable, and was employed in studying the 
variation of velocity with acidity and temperature. 

The mode of setting-up need not be described, except to state that the mer¬ 
curous sulphate electrode was filled to such a level that when it was placed 
m the uranium solution a little of the latter entered its side-tube (which had a 
fine tip). The tightly-packed glass wool in the side-tube then maintained a 
durable boundary between the solutions, and prevented traces of mercurous 
sulphate from passing into the main solution. For some time before the runs, 
and during them, a slow stream of oxygen-free argon, saturated with water 
Va ^?t! r ^ em P era ^ wrc °f the thermostat, was passed through the cell. 

The platinum electrode was cleaned with chromic-nitric acid mixture, rinsed 
and heated to redness just before immersion. It always required at least an 
hour to reach the equilibrium potential, and in some cases (especially when 
the acidity or the total uranium concentration was low) as much as 16 hr. 
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This observation is in itself evidence that one of the potential-determining ions 
is present at very low concentration. Once the steady potential was reached, 
however, the response to light or electrolysis was instantaneous. The initial 
potential of the electrode, upon immersion, was often several hundred millivolts 
from the equilibrium value. 

Mechanical stirring mixed the U v , formed irregularly in different parts of the 
solution by reduction or light, uniformly throughout. It was continued during 
the potential measurements in order to minimise any local variations in the rate 
of decomposition due to the presence of platinum surfaces. Actually no such 
effects were observed, and the stirring made little difference to the results. 



Fig. i.—A pparatus for determining rate constant of U v disproportionation, 

first form. 

The procedure in making a run was as follows. The cell was kept in dark¬ 
ness for £ hr. or more, and the equilibrium potential measured with a Leeds and 
Northrup potentiometer calibrated to 0*05 mV on a spiral slide-wire. The 
galvanometer was a highly-sensitive mirror instrument with a large series re¬ 
sistance. When an electrolytic reduction was to be carried out, the electrolysis 
electrodes, which had previously been unconnected, were attached to a source 



Fig. 2.—Rate-constant apparatus, second form. 


of potential giving about 2*5-3 V. A few seconds of electrolysis sufficed to pro¬ 
duce enough U v , accompanied by a shift of 30-100 mV in the platinum electrode 
potential, for good measurement. The electrolysis current was disconnected, 
and the return of the potential to its equilibrium value followed with a stop¬ 
watch. The potentiometer was always set a little in advance of the actual 
potential, noting the time when the galvanometer spot crossed the zero. The 
whole proceeding was carried out with the cell in darkness. For an illumination 
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run, the uranium solution was lit for 30 sec. or so by a 200-W lamp held against 
the side of the thermostat. The potential-shift was of the same order of mag¬ 
nitude as with reduction. 

In measuring the half-wave potential, the uranium concentration proved 
to be too high for satisfactorv plotting of the wave : it was accordingly reduced 
from 0*05 M in U IV and U VI , the value employed in most of the K determinations, 
to 0*02 M in Uiv and Uvi. This changes the activity coefficients somewhat 
and introduces an error into the absolute K values, but does not affect their 
relative accuracy. No significant variation of E\ with temperature was found 
between 20° and 40°. The value was — 0*618 V against the Hg s S 0 4 electrode 
containing 0*5 M H 2 S 0 4 . 

For the series in which the acidity was varied, the variable junction-potential 
between mercurous sulphate electrode and uranium solution (0-5 mV) was cor¬ 
rected for as follows. Two mercurous sulphate half-cells, one containing 0*5 M 
H # S 0 4 and the other the uranium solution under study, were connected first 
by a bridge of 0-5 M H 2 S 0 4 and then by one of saturated KNO a ; the difference 
between the potentials of these two chains was taken as the junction-potential. 
This correction is not claimed to be better than an order of magnitude, but it 
is in any case a small correction. 

The variation of ionic strength in the series with varying acidity might have 
had an effect on the reaction rate comparable with that expected from the [H 4 ] 
variation. The ionic strength was, therefore, kept approximately constant 
by adding potassium bisulphate so as to maintain a constant total molar con¬ 
centration of II 2 S 0 4 and KHS 0 4 .* The h>drogen-ion activities of the various 
solutions were determined by careful measurement of the pH's with a glass 
electrode, the measurements being checked several times. 


Results 


In every case in which the time-potential curves were plotted both after 
illumination and after reduction, xhev were found to be practically identical. 

E'F 

Fig. 3 shows a typical pair of curves. The log tanh/lines corresponding 

2 it. 1 


to these curves are given in Fig. 4. They are good straight lines, as was 
always the case, with almost equal gradients. (The final points of the potential¬ 
time curve, for which the accuracy of measurement is very low, were omitted 
in plotting these lines.) It is clear that the time-potential equation proposed 
above fits the results well, and that the unstable substances produced by light 
and by reduction of U VI are the same. 

The rate-constant values and other information are tabulated below. K' 
denotes the product K[H+] n , which is given by the gradient of the line. From 
Table I it can be seen that K' is proportional to the first power of the hydrogen- 
ion activity, and that if K' is divided by this activity a reasonably constant 
figure for K is obtained. 


TABLE I.—Influence of H+ Activity. Temperature 30*4° C 


h*so 4 

Cone. 

(molar) 

H+ 

Activity 

(molar) 

E 

(volt) 

Junction- 

pot. 

(volt) 

U v Cone, at 
Equilibrium 
(molar) 

K ' 

(1. mole.- 1 
sec.- 1 ) 

K' 

K " [H+l 
(l.mole.- 1 
sec.- 1 ) 

o *5 

0*48 

0*3048 

— 0*0012 

4*32 X Io~ 7 

5*79 X10* 

1*21 X IO 4 

0*425 

0*37 

0*3006 

+ 0*0008 

5*00 x JO“ 7 

4*51 X IO 3 

1*22 X IO 4 

0*4 

0*335 

0*2971 

4-0*0019 

5*8ox io~ 7 

4*32 X IO 8 

1*29 X IO 4 

o *375 

0*30 

0*2894 

4-0*0031 

7*8ox io“ 7 

3*79XIO 8 

1*25 XIO 4 

o *35 

0*26 

0*2847 

-1-0*0040 

9*31 X IO “ 7 

2*84 X IO 8 

1*08 X io 4 

0*325 

0*23 

0*2806 

1-0*0051 

10*92 x io~ 7 

2 * 76 x 10 s 

I*l8 X io 4 


The junction-potentials signify the potential of the uranium solution against 
the H 8 S 0 4 in the mercurous sulphate electrode. 

All solutions contained 0*05 M of U v * and 0*05 M U iV , and enough KHS 0 4 
to make the total molar concentration of H a S 0 4 and KHS 0 4 up 10 0-5. 

* At the suggestion of Prof. E. A. Guggenheim. 



TIME • MINUTES 

3.—Typical potential-time curves. The two are for the same solution : 
the upper curve represents the return to equilibrium after illumination, 
the lower curve the same after reduction. 



Fig. 5.—Variation of disproportionation velocity with temperature. Graph 
of log K' against i/T for the data of Table II. 
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Table II gives the variation of K' with temperature for a given solution. 
The graph of log A" against i jT is a satisfactorily straight line (Fig. 5), from the 
slope of which the activation energy 9,500 cal. is obtained. This result is not 
corrected for the variations of the half-wave potential, the activity coefficients 
or, most serious, the hydrogen-ion activity with temperature. The error may 
therefore amount to 20-30 %. 

TABLE II. — Influence of Temperature 


Temperature 

(°C) 

Ee 

(volt) 

U v Concentration 
at Equilibrium (molar) 

K ' 

(1. mole.- 1 sec.-') 

25*0 

0-3023 

3-88 X 10-? 

4-01 x 10 s 

28*0 

C-303I 

4*22 X I0~ 7 

4*67 X io 3 

3 i*o 

0-3039 

4*59 X io~ 7 

5-45 X io 3 

34 '° 

0 - 3 O 69 

4-57 X io- J 

6-33 X io 3 

37 '° 

0-3I03 

4- 52 x io" 7 

7-08 X IO 3 

4°‘3 

0-3I23 

4-65 X 10- 7 

8-82 X IO 3 


The solution was 0-05 M U™, 0*05 M IJv* and 0*5 M I 1 2 S 0 4 throughout. 


Table III and IV contain the data for variation of K' with LI IV /U VI ratio 
and with varying total uranium concentration. K' should be a constant for 
all these measurements if the ionic strength and H + activity were fixed. These 
requirements are not fulfilled in practice, but the variations of K' are not very 
large, and are at any rate qualitatively consistent with expectations. (Since 
the mode of ionisation of IJi* is not known, it was impossible to control these 
factors effectively.) The letter e and i denote figures for reduction and illumin¬ 
ation respectively ; the two sets of IC values agree well. 

TABLE III.— Influence of IJvi/Unr Ratio. Temperature 30*4° C 


U IV Concentration 
(molar) 

E e 

(volt) 

j U v Concentration 

' at Equilibrium 

(molar) 

K' 

(1. mole.- 1 sec.- 1 ) 

0-015 c 

0-325 

3-3 X 10- 7 

5*6 X 10 s 

i 

0-324 

3*5 »» 

5*2 „ 

0-025 e 

0-323 

3*2 „ 

4*9 

i 

0-323 

3*2 „ 

5 *o „ 

0-050 e 

0-308 

3'8 

5*4 - 

i 

0-308 

3 *« 

5*2 „ 

0-075 e 

0-303 

2*3 .. 

7*9 

i 

0-302 

2*4 » 

7 ’b „ 

0 

6 

GO 

Ln 

0-285 

2*8 „ 

7*8 

i 

0-285 

2-8 „ 

7*4 » 

0-092 e 

0-278 

1*9 „ 

6-o ,, 

i 

0*278 

i *9 

6-o 

0-097 e 

0-263 

i *3 » 

xi-6 ,, 

i 

0-264 

1-2 ,, 

9*8 


All solutions contained 0-5 M H 2 S 0 4 and o-i M U in all. e denotes an 
electrolysis run, i an illumination run. 


Titlcstad (loc. cit.) gives a number of tables of figures for the Becquerel effect. 
These fit the two time-potential equations given in this paper, though not as well 
as our own data. The divergences, however, are not systematic and are un¬ 
doubtedly due to lower accuracy in the measurements. The K values deduced 
from Titlestad's figures are of the same order of magnitude as ours. 
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TABLE IV. —Influence of Total U Concentration. Temperature 30-4° C 


Total U 
Concentration 
(molar) 

Ee 

(volt) 

U v Concentration 
at Equilibrium 
(molar) 

K' 

(l, mole.-* sec.- 1 ) 

0*03 e 

0*301 

1*5 X lO “ 7 

7*3 X io 3 

i 

0*302 

i -4 .. 

7*6 

o*o 5 e 

0*305 

2*2 

6*o 

i 

0*305 

2.2 

6*4 

0*07 e 

0*310 

2*5 » 

6*6 „ 

i 

0*310 

2*5 » 

6*9 

o*io e 

0*308 

3-8 „ 

5*4 .. 

i 

0*308 

3*8 

5*2 „ 


The solutions all contained 0*5 M. H g S 0 4 and equal gram-molecular concen¬ 
trations of U IV and The slow increase of K' as the U concentration is 

reduced is probably due to increasing H + activity. 
e denotes an electrolysis run, i an illumination run. 


Discussion 

In general, the results afford plausible confirmation of the existence 
of unstable U 0 2l ions, and the behaviour postulated for them in the 
preceding paper and by Weiss and by Kolthoff and Harris. The decom¬ 
position of UO+ seems to be second-order in UC) 2 + and first-order in H + . 
The mechanism can therefore be represented by 

2UOI +H+ UO; + + UOOH+ or 
j UOJ+H+ UOOHH- followed by^ 

IUOOH++ + U 0 4 + UOjT + UOOH+ j. 

The observed rate of reaction is very much below that calculated 
simply from the approximate collision frequency of UO+ ions, and the 
known activation energy. This is attributable in part to the participation 
of hydrogen ions and in part to the effect of orientation of the colliding 
particles, which is normally very important in such complex reaction- 
systems. There may be several modes of disproportionation, of which 
this is the most important. 

The greatest equilibrium concentration of U v observed was about 
10-® M. This might be increased towards a value detectable, for example, 
spectroscopically, by increasing the concentrations of U VI and U IV and 
reducing the acidity. However, hydrolysis sets a limit to this, and it is 
doubtful whether an increase greater than 10 times could be achieved. 
Under strong light or with vigorous reduction the concentration may 
increase temporarily 20 times. 

The activated complex formed between U IV and U VI ions might break 
up either into two U v ions or into U IV and U VI again. In the latter case 
the uranium atoms may exchange. If a solution of U VI were mixed with 
one of U IV , one or other containing a tracer quantity of one of the short¬ 
lived uranium isotopes, an exchange of the active constituent between the 
valency states should be observed. The rate of exchange would be the 
total due to both modes of decomposition of the activated complex, while 
the rate of exchange via U v is known from the results just given. Hence 
one could deduce the rate of exchange by the second mechanism. 

There is not enough experimental material to give a definite notion 
of the mechanism of formation of U v from U VI and U IV , but on electrostatic 
grounds it is likely that reaction takes place mainly between UOJ + on 
the one hand and UOOH+or UO g on the other hand, rather than with 
UOH+++. These hydrolysed forms of U IV are, according to evidence 
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given in the foregoing paper, present only at small concentrations in moder¬ 
ately acid solutions, where UOH +++ is probably the predominant form 
of U IV . If we assume that UOOH+ is the chief species of U IV reacting 
to give U v , the reaction of formation is simply the reverse of the dis¬ 


proportionation, viz. 

UOOH f -f UO^ -> 2UO+ -f H+. 

Low acidity would favour the hydrolysis of UOH+ ++ to UOOH+, and 
hence lead to higher equilibrium concentrations of U v . A similar argu¬ 
ment applies if UC 2 is the reacting species. Quantitatively the equilibrium 
[U v ] should be given by 


[UO a ] constant 


V 1 


[uoH+++][uo; f ] 


[H+] 3 


in terms of the experimental concentrations of U VI and U IV at moderate 
acidities. This expression follows from the equation for the total equili¬ 
brium between U iV , and U v and U VI : 


UOH+++ + UO; + ^ 2UO + + 3H+. 

Therefore UO a should be roughly proportional to [H+]- 3 ' 2 , for fixed con¬ 
centrations of U ,v and U vl and at moderate acidities. Now it was 
postulated that the potential of a platinum electrode in such solutions is 
determined by the equation 


E 


= °'°5 + -jpr In 


[uon 

[U0 2 + ] ’ 


from which all the Uv concentrations in the tables have been calculated- 
Those given in Table I do vary roughly as the — 3/2 power of the H + 
activity, as expected from the above argument. The function of U IV 
in the reaction can be regarded simply as the reduction of U VI , and, in 
principle, any other reducing agent of suitable strength should form U v 
from U VI . 

These experiments were carried out at the Montreal Laboratories of 
the National Research Council of Canada. 


National Research Council of Canada, 
Chalk River, 

Ontario . 


Royal College of Science , 
Imperial College, 
S.W.7. 


BOND DISSOCIATION ENERGIES IN POLYATOMIC 
MOLECULES OF THE TYPE MX n 

By H. A. Skinner 
Received 23 rd March, 1948 

The inter-relation of bond dissociation energies and bond energy terms in 
polyatomic molecules of the type MX* is discussed for molecules MX n in which 
the value of n exceeds the valence of the atom M in its ground state. Bond 
dissociation energies in the Group II halides are listed, and an attempt made to 
explain the marked weakness in D(M —X) relative to 7 )(X—MX) in these 
compounds. The special case of the tetravalent compounds of C (in particular 
CH 4 ) is considered, and some reasons given for questioning whether the latent 
heat of sublimation of carbon can be deduced from a knowledge of D(CH a —H) 
per se. 

In a recent paper, Long and Norrish 1 have re-emphasised a point 
that seems first to have been made by Mecke 2 in 1930—namely, that since 
tetravalent compounds of carbon must derive from a tetravalent state 

1 Long and Norrish, Proc, Roy. Soc. A, 1946, 187, 337. 

2 Mecke, Nature , 1930, 125, 526. 
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of the C atom, the energy of excitation from the ground to the tetravalent 
state enters directly into computations of the bond energies in the case 
of compounds of carbon. Long and Norrish identify the appropriate 
tetra valent state of the C atom as the excited state 3 4 5 S, which has recently 
been shown by Shenstone 8 to lie some 96-4 kcal. above the ground state, 3 P. 

A detailed discussion of the state of the carbon atom in tetravalent 
compounds was given by Van Vleck 4 in 1934, w h° concluded that the 
valence state of C is not identical with any one of the six atomic states 
belonging to the configuration sp z , but “ is instead to be regarded as a 
linear combination of these.*' Van Vleck computed that the valence 
state of C lies about 164 kcal. above the ground-state level, in case where 
the C atom forms tetrahedral s£ 3 -hybridised bonds. 

Irrespective of argument concerning the “ correct " value to be 
ascribed to the energy of the excitation process within the C atom, the 
necessity for an internal excitation remains : and in so far as this point 
is granted in respect of C compounds, it is equally necessary to consider 
the effect of internal excitation processes in all compounds of the type 
MX n , where the value of n is greater than the valency of the atom M in 
its ground state, e.g. in all compounds of the Group II elements. 

Pauling 6 in deriving his table of mean bond energy terms,* obtained 
the E(M — X) value for a compound MX n from 

E(M - X) = QJn, .... (1) 

where Q a — heat of formation of MX n (gas) from ground state atoms. 
Long and Norrish differ from Pauling, obtaining their mean bond-energy 
terms from 

E *(M - X) = Q a */n, .... (2) 

where Q a * measures the heat of formation of MX„ (gas) from suitably 
excited atoms. Both E and E* are defined quantities and neither has any 
particular advantage over the other for general thermochemical purposes : 
for the specific purpose of correlating mean bond-energy terms with bond- 
dissociation energies it may, in certain cases, be more reasonable to choose 
E* rather than E terms. 

In this paper we are primarily concerned with the general way in which 
internal excitation energy terms may reflect themselves in observed 
bond-dissociation energies in MX„ compounds. The experimental data 
we can quote are regrettably small, and in this respect the subject as a 
whole appears blurred. A more thorough examination of the problem 
requires much further study on the stepwise dissociation energies in 
MX n compounds. 


Compounds of Type MX 2 

Representing the bond-dissociation energies of the two processes : 

fMX* MX 4- X - D t kcal. . . . (3a) 

\MX -+ M + X - D, kcal. . . . (36) 

by D x and D z it follows that 

(Dl + £>*)- Qa . ■ • • ( 4 ) 

where Q a is the heat of formation from normal atoms. Reliable values 
of V 1 have been obtained for the series HgX (X — Cl, Br, I) by Wieland 7 
from spectroscopic studies. Values of Q a are known with fair accuracy 

3 Shenstone, Physic. Rev., 1947, 72, 411. 

4 Van Vleck, J. Chem. Physics, 1934, 3 > 20 and 2 97- 

6 Pauling, Nature of the Chemical Bond (Cornell, 1939). 

* We are here employing the suggested nomenclature of Butler and Polanyi, 6 
in order to distinguish between the two commonly used meanings of “ bond- 
energy." 

6 Butler and Polanyi, Trans. Faraday Soc., 1943, 39, 19* 

7 Wieland, Eelv. physic. Acta, 1939, 12, 295; 1941, 14, 549; Helv. chim. 

Acta, 1941, 24, 1285. 
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for the HgX. (gas) molecules from thermochemical heats of formation. 8 
Accordingly, both D x and D t values are reasonably well established in 
case of the mercuric halides : these arc given in Table I. , 

TABLE I.— Bond-dissociation Energies in HgX. * 


Molecule 

Qc (keal.) 

D x (keal.) 

Z). (keal.) 


HgCl, . 

104*5 

24 

80-5 

56*5 

HgBr, . 

87*9 

16*4 

71*5 

55*i 

Hgl, 

69 

12 

57 

45 


TABLE II.— Bond-dissociation Energies in MX a Compounds 
(a) D x values 


Molerulc 

Dj (keal.) 

Cdt'l 

>4b 

CdBr 

Cdl 

ZnCl 

>31 <47 

5 1 L 2 ° 

> 2i<35 
(h5.p25) 

> 8<20 
32:1:5 

>50 

Znl 

BeCl 

MgCl 

4^*5 

5 ** ±20 
4*±*5 
^9 ±L5 

O2 + 20 

CaCl 

63*6 


Experimental Method 


Activation-energy of reaction of Cd with 

Cl, 

Na-flame reaction with CdCl a 
Linear Birge-Sponer extrapolation 
Na-flame with CdBr a 
Linear Birge-Sponer 
Na-flame with Cdl 2 
Linear Birge-Sponer 

Activation energy of reaction of Zn with 
Cl. 

Na-flame with ZnCl 2 
Linear Birge-Sponer 
Linear Birge-Sponer 
Linear Birge-Sponer 

Linear Birge-Sponer, graphical Birge- 
Sponer 

Predissociation 


Reference 


11 

12 
13 
12 
13 
12 
13 

11 

12 
*3 
13 

13 

r 3 

13 


(b) D 1 and D, values 


Molerule 

Qa 

Dx 

Di 

(D t ~D 1 ) 

CaCl. . 

(240) 

63*6 

(176) 

(112) 

Mg Cl. . 

(198) 

62 ±20 

(i36±2o) 

(74 ±40) 

BeCl. . 

216 

69 ±i 5 

I 47±>5 

78 ±30 

CdCl. . 

(130) 

4 6 ±5 

( 84 ± 5 ) 

(38 ±10) 

CdBr. . 

(III) 

35 ± 10 

(76 ±10) 

(41 ±*o) 

Cdl. 

82 

25 ± 1 ° 

57 ±10 

32 ±20 

ZnCl. . 

(146) 

5°±5 

( 96 ± 5 ) 

(46 ±10) 

Znl. 

(94) 

4 I ± I 5 

( 53 ±i 5 ) 

( 12 ± 3 °) 


8 Bichowsky and Rossini, Thermochemistry of Chemical Substances (Reinhold, 
193h). 

• Wehrli and Milazzo, Helv. chim. Acta, 1943, 26, 1025. 

10 Polanyi and Schay, Z. physik. Chem. B, 1928, 1, 30. Ootuka and Schay, 
ibid., 1928, 1, 62. Ootuka, ibid., 1930, 7, 407. 

11 Hartel and Polanyi, Trans. Faraday Soc., 1928, 24, 606. 

18 Horn, Polanyi and Sattler, Z. physik. Chem. B, 1932, 17, 220. 

13 Gaydon, Dissociation Energies (Chapman and Hall, 1947). 

* These data are taken from the paper by Wehrli and Milazzo, 8 which draws 
attention to some of the points raised here. 
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The significant feature of Table I, is the magnitude of the difference, 
(D t — D x ) : or, alternatively, the weakness of the binding in HgX relative 
to that in HgX f . That there is a marked difference in the bond-dissoci¬ 
ation energies of the two Hg—X bonds in the mercuric halides was in¬ 
ferred several years ago by Polanyi and co-workers 10 from studies of the 
reactions of Na vapour with HgX 2 . The recent spectroscopic data provide 
confirmation of the earlier conclusions. 

It would be of interest to know whether the feature D a > D lt so clearly 
revealed in the HgX, molecules, is general for the compounds of Group II, 
or whether it is specific to the compounds of Hg. Relatively little is 
known of the D x and D 2 values for the other halides of Group II, and the 
data we have collected together in Table II are a good deal less reliable 
than those given in Table I. 

The Q a values for the halides listed are derived from Q f (cryst.) values 
quoted by Bichowsky and Rossini, 8 and heats of sublimation estimated 
from data given by Kelley 14 (except for CaCl* and MgCl a , for which we 
have assumed a reasonable value). The following heats of sublimation 
were used : 

CaCl a = 56, MgCl* — 55, CdCK — 48, CdBr a = 45, Cdl a = 44-4 

ZnCl 2 = 43 and Ztil a — 38 (all in keal.). 

The D l values are chosen as the most probable in the light of the variable 
experimental data given in Table II (a). 

We may conclude that the (D 2 — D x ) values for the halides listed in 
Table II, although subject to fairly wide limits of error, arc positive in 
sign. The feature noted in Table I (D 2 > D x ), would thus appear to be 
general for the halides of Group II. 

In terms of the Heitler-London theory of valence, the elements of 
Group II are zero-valent in their atomic ground states, * 5 . The formation 
of a stable covalent type of bond by an atom M of Group II, requires an 
initial excitation of the M atom to the divalent valence state. Although 
it may be incorrect to identify the valence state of M with one of the 
divalent atomic states, 3 P, we may expect that the excitation energy 
involved is not less than the energy of the transition M( x 5 ) -> M( 3 P). 
On the close approach of a univalent atom or group X to the atom M, 
there are (in first-order approximation) three “ ideal ” states that can 
be formulated— 

(а) The state M°X, i.e., the totally repulsive state deriving from the 
ground-state of M( 1 S). 

(б) The state M*—X, i.e. the covalent state deriving from the excited 
valence state of M. 

+ - 

(c) The state MX, i.e. the ion-pair resulting from an electron transfer 
from M ->■ X. 

Each of the “ ideal ” states, (a), ( b ), (c), is of the same multiplicity 
(one unpaired electron), and perturbations between the three states are 
allowed in terms of the Kronig selection rules. The ground state of 
MX (*£) would then be identified as the deepest of the perturbed states. 
An alternative mode of description starts by writing the eigenfunction 
(MX, * Z), as a linear combination of the eigenfunctions describing the 
three “ ideal ” states— 

y(MX) = aW( M°X) + &¥ / (M*-X) + c!P(MX) . . (5) 

where a , b, c are mixing coefficients. 

A schematic representation of the origin of the ground-state of MX 
is given in the potential-energy (P.E.) diagram shown in Fig. 1 (the example 


14 Kelley, U.S. Dept . Bur. Mines Bull., 1035/383. 
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chosen is for MX — HgCl). Curve A represents the p.k. curve for the 

+ - 

ion-pair, Hg Cl, and curve B the p.e. curve for the covalent molecule, 
Hg*—Cl. Interaction between curves A and B (ionic-covalent resonance) 
is presumed to yield the dotted curve H. This latter intersects curve C 
(representing the repulsive state Hg° Cl), and by interaction with it is 
presumed to give the ground-stage curve G. As pictured in Fig. i, the 


* 



Fig. i.-—P otential-energy curves for HgCl. 

The ionic curve A is drawn from a Born-Mayer potential function : 

V(r) - - e\lr + b + 1 - E cl 

where p — 0*345 A, / Hg = ionisation potential of Hg, and F' ol — electron affinity, 
of Cl. The constant b was evaluated from the equilibrium condition, [d Vl'frr r ~ o], 

+ _ * 

where — equilibrium bond length in the ion-pair, HgCl. We have estimated 

r { (Hg Cl) at 2*86 A : this value is 0*07 A larger than in gaseous KC1 (2*79 A), 

+ + 

to comply with the larger crystal radius of Hg relative to K. 

The covalent curve B is drawn from a Morse function assuming probable 
values for the equilibrium bond length, force constant and dissociation energy. 
Our estimation E* (Hg-Cl) ^ 65 keal. is perhaps the least certain of these. 
Curve C is purely schematic. It will be noted that these values require ^(HgCl) 
to have a relatively high figure, 71 keal. This may at first sight seem far too 
large, since Hg is not normally regarded as a highly electropositive element, 
But, it should be recollected that it is the covalent state Hg*—Cl with which the. 
ionic state is in resonance, and the excited state of Hg from which Hg*—Cl 
derives is very much more electropositive than is the normal Hg atom. 

The value of x is assumed to be 112 keal. 

effect of the term aW(WL°X) in (5) is primarily to cause a dissociation of 
the ionic-covalent hybrid PI into normal atoms. Virtually, we assume the 
coefficient a -► zero in the region r(Hg—Cl) -> r„ and becomes unity as 

Y —>■ 00 . 

This description of the nature of the binding in the specific case of 
HgCl (*.£), enables us to write the dissociation energy D x in the form 

D. = E* (Hg-Cl) + 1 (HgCl) • . . (6) 
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where 

E* (Hg—Cl) = covalent bond energy in Hg*—Cl, 
i?i(HgCl) = resonance energy (ionic-covalent) in HgCl. 
x = excitation energy required to raise Hg( 1 S) to the divalent valence 
state. 


In the general case, MX, cqn. (6) may be written : 

A(MX) = P*(M—X) -f i?i(MX) - . . . (7) 

The formation of the second Hg—Cl bond in HgCl 2 can occur on close 
approach of a Cl atom to HgCl without additional internal excitation 
of the Hg atom, which in HgCl already carries an unpaired electron. The 
gain in energy accompanying the formation of the second bond may be 
expressed (as shown in the energy diagram, Fig. 2) through the equation 
(D t + D 9 ) = 2 J£*(Hg—Cl) + R 2 ( HgCl,) - *. . . (8) 

The term P, in (8) measures the total resonance energy in the HgCl, mole¬ 
cule, relative to the covalent structure Cl—Hg*—-Cl, and includes the 


~ -M- - 


contribution from structures Cl Hg Cl, and Cl—Hg Cl (twice). Combining 
eqn. (6) and (8) one obtains 

D 2 - £*(Hg-Cl) + (R 2 - i? t ) ... (9) 

and (D, — D x ) — x -f /?, — 2jR v . . . (10) 

The eqn. (xo) may be generally applied to the compounds MX, of Group II. 

It is not simple to estimate 
the terms R 2 and R x even ap¬ 
proximately by theoretical cal¬ 
culation. Nevertheless, eqn. (10) 
enables us to make some predic¬ 
tions concerning the probable 
trend in the energy difference 
(D^—Dj) as the atom M is varied. 

Thus, 

(а) (D t — DJ is most likely to 
be a large positive quantity in 
case where the excitation energy 
x is large, and the terms in R are 
small—i.e. when x is large, and 
the bonds M—X are essentially 
covalent in character. 

(б) In case where x is a re¬ 
latively small quantity, it is still 
possible for (/>,— D x ) to be a large 
positive quantity if R 2 > 2R V 
One might suggest that this 
latter condition is favoured in 
MX, compounds in which the 
M—X bonds are predominantly 
ionic in character, by virtue of 
an appreciable contribution to R , 
from the resonance involving the 

- -f+ - 

totally ionic structure X M X. 



HgCl,. 


We may now refer back to Tables I and II. Whilst we may not know 
the correct values for the excitation energies x in the Group II elements, 
we might expect the x values to run parallel to the excitation energies 
required for the transitions *S -► 8 P in the isolated atoms. The free 
atom excitation energies are : * 

Hg = 112, Zn = 92*5, Cd = 87, Be = 62*5, Mg — 62, and Ca — 43 
kcal. * 


* The excitation energies quoted are for the atomic transitions M^So)-* M( 3 PI). 
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The effect of the term in # on (D t — D A ) may therefore be expected to 
be largest in the case of HgX 2 compounds, and least in case of CaX t 
compounds. On the other hand, it is customary to describe the com¬ 
pounds of Mg and Ca as essentially ionic in character, and it is not im¬ 
probable that the ionicity of the M—X bonds is greatest in the Ca and Mg 
halides, and least in the Hg halides. The combined effect of a falling x 
value and increasing ionicity in the series of halides Hg, Zn, Cd, Be, Mg, 
Ca would be to render [D t — D x ) large and positive in all these compounds. 

An interesting class of compounds is provided by the dialkyls of 
Group II, MR a (where R is an alkyl radical). In these one would expect 
the ionic-covalent resonance-energy terms (R x and R t ) to be smaller 
than in the corresponding halides, MX a> in view of the electropositive 
position of C relative to the halogens. In this event, the conditions are 
perhaps most suitable to a large difference between D x and D % values. 
But thermal and dissociation energy data are almost completely lacking 
in this field. Some recent thermal data on the dialkyls of cadmium and 
zinc, 16 and some old combustion heats on the alkyls of mercury 18 provide 

(A -j- D 2 ) values for these metal-carbon bonds, but give no information 
on the individual bond dissociation energies. In the case of Hg(CH 3 ) a 
Berthelot's combustion heat * corresponds to a value of ca. 35 kcal. for 
the sum (D x -{- D z ) of the Hg—CH 3 bond energies. If the difference 
(D % — Dj) is large in this case (as we would anticipate), it follows from 
the small value of the sum (I) l -f - D 2 ) that the Hg—CH 3 radical must be 
very weakly bonded and unstable. At the moment, however, there is 
insufficient experimental evidence available to show whether or not this 
expectation is met. 

A set of experimental data which can be fitted into the scheme relates 
to the dissociation energies in the series of diatomic molecules, MH and 
MH 1 *, the values for which are listed in Table III (data taken from 
Gaydon 13 ). 

TABLE III. —Dissociation Energies in Mil and MH+ 


Molecule 

J) x (kcal.) 

*=(‘S 0 ->>/>,) 

A * D(MH+) - D{ MH) 

BcH + 

74±5 

62-5 

2l4ll 

BeH 

53±6 



MgH-»- 

4 8 ±5 

62 

2 ±I 7 

MgH 

46412 



ZnII + 

65 ±10 

92-5 

45410 

ZnH 

19*5 



CdII + 

48410 

87 

32±IO 

CdH 

15*7 



HgH+ 

69420 

112 

60420 

HgH . . . . 

8*6 




It is noticeable that the D x values are larger in the MH> molecule-ions 
than in the molecules (with a possible exception in the case M — Mg). 
A trend in the observed direction might be anticipated in view of the fact 
that the MH + molecule-ions can be formed from the M+ univalent ions 

16 Carson, Hartley and Skinner, Nature , 1948, l6l, 725; and unpublished 
results. 

18 Bertholct, Compt. rend., 1899, 129, 918. 

* We suspect that the heat of formation of mercury dimethyl, derived from 
the heat of combustion by Berthelot is not very reliable. Even if (D x +D t ) 
as quoted is in error by as much as 10 kcal., we would still expect D x to be very 
small. 
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without the necessity of a prior excitation within the ion. Thus, 

D X (MH) =* J£*(M—H) + . . (u) 

whereas 

= E(M—H) + P(MH+) . . . (12) 

The covalent energy £*(M—H) is almost certainly a larger quantity than 

the term E(M—H) since the former relates to a bond of type (sp — 5) 
whereas the latter describes a bond type (s — s). Moreover, whereas the 
term P(MH+) must be a small or zero quantity (one cannot postulate 
ionic-covalent resonance in the MH+ molecule-ions) the terms ^(MH) 
may be an appreciable positive quantity. We may therefore conclude 
that D,(MH+) will, in general, exceed £>i(MH) by an amount appreciably 
less than the excitation energy x. This is borne out by comparison of the 
A values in Table III with the x('S 3 P) values, which we assume to be 
minimum values of the valence-state excitation energies in the Group II 
elements. 

From cqn. (7), 

Z)j(MX) - E* (M—X) + P,(MX) - *, . . (7) 

we may obtain 



where the terms in A measure differences in D lt E*, and R x values. The 
terms F*(M—X), measuring covalent bond energies, decrease down the 
series X = H, F, Cl, Br, I (for a given M). The terms P^MX), which 
we have regarded as ionic-covalent resonance energies, increase with 
increasing electronegativity of X, i.e. increase along the series X ~ H, 
1 , Br, Cl and F. Hence, in eqn. (13), when X x — H, and X 2 = I, we 
expect AI^ to be the sum of a positive term, A E* (probably of the order 
30 keal.), and a negative term, A R lt which would seem to be of the same 
order of magnitude. Applying (13) to the case X x — H, X 2 — F, the 
positive term A E* is now reduced (probably to 20 keal.), whereas the 
negative term A R x will be very much increased. Our general expectation, 
from (13), is to find that for a given M, the D^MX) values should increase 
along the series X — H (smallest) to X = F (largest). The listed values 
of D 1 ( MX) in Table IV reveal this trend quite clearly. For comparison, 
we have added (at the end of Table IV) the 2 ^ (MX) values for the case 
of a typical ionic molecule (M = Na) and a typical covalent molecule 
(M = CH 8 ). The strong resemblance to the ionic, rather than the co¬ 
valent example may be noted. 


TABLE IV—D* (MX) Values for M -- Group II Element in kcal. 


Bond 

M—H 

M -I 

M~Br 

M—Cl 

M—F 

M = Be 

53 



69 

92 

Mg 

46 

— 

58 

62 

74 

Ca 

39 

58 

— 

64 

73 

Sr 

38 

46 

— 

58 

62 

Zn 

19 

30 

40 

50 

— 

Cd 

16 

25 

35 

46 

— 

Hg 

8 

12 

17 

25 

32 

Na 

47 

72 

88 

,98 

115 

CH, 

102 

1 

55 

68 

* 81 
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The application of (13) to the interesting case where X x = H and 
X, a® CH 3 , leads to the conclusion that the D^MCH,,) dissociation energies 
should lie very close to the /^(MH) values, for we would expect A E* 
to be a small positive term and AR X to be a small negative term (the 
electronegativities of C and H lying close together). Our suggestion earlier 
that D^HgCH,) is probably small would then fit in with the small value 
(8 kcal.) for the D x (Hg—H) value. 

One further point of interest in respect of the MX a and MX compounds 
of Group II concerns the bond lengths in these molecules. Bond lengths 
are known from spectroscopic 17 measurements in the MH diatomic mole¬ 
cules, and from electron-diffraction studies of a few dihalides. 19 In 
Table V we give the values of the “ effective " radius of the M atom in 
various MX bonds, obtained by subtraction of the covalent radius of 
the X atom from the observed bond-length. 


TABLE V. —Effective Radii of M Atoms in MX and MX, 


Be 

Mg 

Ca 

Zn 

Cd 

Hg 

Compounds 

0-97 

1-36 

1-63 

I 'll 

i*39 

i-37 

Hydrides 

0*64 

1-03 

1*30 

— 

— 


Fluorides 

— 


— 

— 

1*24 

1*24 

Chlorides 

— 

— 

— 

— 

1*25 

1*30 

Bromides 


■ 


1*10 

1-27 

1*28 

Iodides 


The effective radii are noticeably less in the halides than in the hydrides, 
especially so in the case of M—F bonds. We are inclined to the view that 
the main factor responsible for the contractions in these bonds rests in 
their large ionic character, as has been suggested by Stevenson and 
Schomaker. 19 The large contraction in M—F bonds, and the smaller 
contraction in M—Cl and M—Br bonds, would agree with the general 
picture of a decreasing, although still appreciable, ionic nature from the 
fluorides through to the hydrides. 


Compounds of Group III 

The elements of Group III are monovalent in their atomic ground- 
states, and an internal excitation is required to allow the formation of 
compounds of the type MX 2 or MX 3 . The energy diagram for the series 
MX, MX 2 and MX ? (M = Group III element) is shown in Fig. 3, and leads 
to the set of equations : 

D x = E( M—X) + i?i(MX) . . . (14 a) 

(D, + D t ) = 2E*(M— X) + 2 ?,(MX a ) - x . (146) 

(E>i + D % + D t ) - 3 E*(M—X) + ie 3 (MX 3 ) - x. . (14c) 

As before, the terms in R measure resonance energies relative to the 
covalent structures MX, M*X 2 and M*X S . The term E(M —X)_measures 
the energy of the covalent p bond : whether or not the terms E*( M—X) 
are identical in (146) and (14c) is doubtful, for whilst we can reasonably 
describe the bonds in MX a as sp z hybrids, the bonds in MX, may be either 
sp z OT sp hybrids. Pauling fi has estimated that the strength of binding 

17 Quoted by Herzberg, Molecular Spectra and Molecular Structure (1939)# 
p.484. 

18 Hassel and Strdmme, Z. physik. Chew. B, 1938, 38, 466. Lister and Sutton, 
Trans. Faraday Soc., 1941, 37, 406. Maxwell and Mosley, Physic. Rev., 1940, 
S 7 f 21. 

19 Stevenson and Schomaker, J. Amer. Chem. Soc., 1941, 63, 37. 
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in sp and sp 2 bonds is almost identical, so that it might be a good enough 
approximation for our present purpose to presume that the terms 
lT*(M—X) in (146) and (14c) are the same. We cannot further assume 
that E(M—X) and E*(M —X) are equal, since Pauling's calculated strengths 
of hybrid bonds show sp * binding to be much stronger than p binding. 
From eqn. (14) we may rearrange to obtain 

Di = £(M—X) + R X .(15a) 

D a = 2£*(M—X) - £(M—X) + {R t . (156) 

D, = E*(M —X) + (f? 3 - £,). (150) 

Since £*( M—X) > E( M—X), we may write the difference between them 
as A E, where A E is a positive quantity. Eqn. (15&) then becomes 

Z) a = £*(M—X) + AE + (R % - R x ) - x. . . (15^) 



Comparing eqn. (15^) and (15c), we see that if x is a large enough 
quantity, D % is likely to exceed D g . On the other hand, if x is not a large 
term in itself, the weakening effect of the excitation energy on D 2 may 
be more or less completely offset by the term in A E. 

It may be objected that the eqn. (15) are inadequate, in so far as our 
description has not taken note of the effect of multiple-bonded structures 
- + 

of the type X2M = X, and their contribution to the total resonance 
in MX3 compounds (Pauling has suggested that such structures are of 
major importance in, e.g., BF S ). Account of such resonance can be in¬ 
cluded in our treatment, without alteration to the equations as written, 
if we recognise that the resonance energy terms in R may arise, not ex¬ 
clusively from ionic-covalent interaction, but also from interaction with 
multiple-bonded structures.* It becomes, of course, far more difficult to 

♦ A similar criticism can be levelled against the treatment we have given 
in the Group II compounds. If double-bonding is a serious factor in the halides 
of Group II, our equations remain unaltered, but our interpretation of the terms 
in R as ionic-covalent resonance energies would be inadequate. 
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assess, even roughly, the relative magnitudes of the resonance energy 
terms A. R t and i? 3 . For this reason it is difficult at present to progress 
beyond the equations we have given, and conclusions that can be drawn 
from the equations are at best tentative. The most certain of these is 
that in case where x is a large term, the dissociation energy A will be 
the smallest of the three D values. 

Only in one sample (that of the indium halides) is there sufficient 
experimental data to derive the individual values of the three dissociation 
energies, A» A and l) z . Significantly, it is apparently the case that here 
A is considerably smaller than either A or A- The data on the InX 3 
compounds (mainly due to Wenk 20 ) are listed in Table VI. Apart from 
this single example (which is not a very favourable one, since the In—X 
bonds are predominantly ionic in character and the terms in R are there¬ 
fore large), there are no experimental determinations of A for other 
Group III compounds. 


TABLE VI. —Bond-dissociation Energies in InX 3 


Compound 

<?„ (keal.) 

l\ \ 

I ) 2 

th 

In 01 3 

(•253) 

JO4 

46 

(103) 

lnBr 3 

UI5) 

«5 

42 

(88) 

Ini, . 

(170) 

69 

42 

(59) 


Values of Q a are estimated, using data given by Bichowsky and Kossini, 
and assuming the heat of sublimation of lnX 3 (cryst.) to be 15 keal. for all InX 3 
compounds. Probably, actual heats of sublimation are less than we have 
assumed. D 1 and A values are from Wenk. 20 

Compounds of Group IV 

The Group IV elements are divalent in their atomic ground-states 
and, by analogy with the earlier discussion, it is necessary to assume an 
internal excitation at the step, MX 2 -f X ->MX a . A possible* energy 
diagram for MX, MX 2 , MX 3 and MX 4 (where M now refers to a Group 

IV element) is shown in Fig. 4, and corresponds to the equations : 

A - E{ MX, p) -f A . . . (16a) 

(A + A) = 2E(MX, p) + R t . . (166) 

(A + A + A) - 3E*(MX, sp 2 ) +R 9 -x . (16 c) 

(A + A + A 4 - A) - 4^*(MX, sp 2 ) + A - * . (16 d) 

from which may be obtained : 

A = F(MX, p) + Ri .(17a) 

A - £JMX, p) + (A - A).(17 b) 

A = 3£*(MX, sp 2 ) - 2£(MX, P) + (A — A) — # . (17c) 

A = 4£*(MX, sp>) - 3F* (MX, sp*) + (A - A). . (17^)) 

The terms in R measure resonance energies with respect to the covalent 
structures MX, MX 2 , M*X 3 and M*X 4 , and the terms in E the covalent 
bond energies of p, sp 2 , and sp 2 M—X bonds. If we denote the difference 

20 Wenk, Helv. physic, Acta , 1941, 14, 335. 

* The energy diagram is referred to as a " possible ” one, since there is an 
alternative possibility, namely that the excitation to a higher valence state 
occurs at the step MH -f- H ->■ MH 2 . Furthermore, the valence state of the 
M atom may not lie at the same x as the state of hybridisation of the M—X 
bonds changes. 
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£* (MX, sp a ) — 1 T(MX, p) by A E (where A E is a positive term) eqn. (17c) 
may be rewritten as 

D z = I*(MX, sp 1 ) + 2A E 4- (i? 3 — -R,) — . . (17c) 

Whereas in our discussion on the MX a (Group II) and MX 3 (Group III) 
compounds, we have been led to expect low dissociation energies (rela¬ 
tively) for those bonds {D x and D 2 respectively) affected by the term in x, 
the case is less certain in the MX 4 compounds of Group IV. As (170) 
shows, the weakening effect of the term in x on D s is offset by the term 
2A E, which may be large enough more or less completely to compensate 
for x* 


M* 



Fig. 4.—Energy diagram for MX, 
MX 2 , MX 3 , MX 4 . 


There are practically no experimental data available for MX 4 com¬ 
pounds which provide values for D 9 . Only in the case of SnX 4 are the 
data sufficient to allow an estimation of the individual values D z and D 4 . 
The relevant thermal data are summarised in Table VII. 


TABLE VII— Q a Values in SnX a and SnX 4 


Molecule 

Q f (gas) 



(D, + D t ) 

SnCl, . 

(58) 

(194) 

194 

_ 

SnCl 4 . ’ . 

118 

312 

194 

Il8 

SnBr t . 

(32) 

(164) 

I64 

-- 

SnBr 4 . 

83 

269 

I64 

105 

SnI, 

(9) 

(138) 

138 


Snl 4 

? 

(225) 

138 

(87) 


Q f values estimated from data given by Bichowsky and Rossini, 8 with heats 
of vaporisation from Fisher and Gewehr, 21 Heats of fusion assumed at 5 kcal. 
(for SnX 8 compounds). Heat of vaporisation of SnBr 4 estimated at 9 kcal. 

Q a (Snl 4 ) is an estimated value. 


21 Fischer and Gewehr, Z. anorg. Chem. t 1939, 242, 161. 
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The Q a (SnX 8 ) provide the sum (D x -f D t ), and ^(SnX*) the sum 
(Di + D, + D 4 ) : from the difference we may obtain (D t -f- Z> 4 ). 

Experimental determinations of the D i values in SnCI 4 and Snl 4 have 
been made by studies on the photodissociation of these compounds by 
Terenin and Tschubarov, 22 who quote D A ~ 76 kcal. in SnCl 4 , and 
Z) 4 ~ 60 kcal. in Snl 4 . Substitution of these into our equation for 
(D a + D 4 ) yields 

D 3 (SnCl 4 ) ~ 42-6 kcal. 

D 3 (iSnl 4 ) ^27 kcal. 

If we assume a value for Z> 4 (SnBr 4 ) midway between the D A values in 
SnCl 4 and Snl 4 , the estimated values of D 3 (SnBr 4 ) is 37 kcal. In all 
these cases, Z) 3 is much less than D 4 . Independent experimental evidence 
of relatively small D s values in SnX 4 compounds is provided by the 
Na-flame reactions with SnX 4 , which have been discussed by Ogg and 
Polanyi. 23 

The special case of the tetravalent compounds of C has already been 
mentioned by Long and Norrish, 1 who were mainly concerned to show 
that the experimental value 24 of 102 kcal. for D A in CH 4 provides evidence 
for the “ low ** value (L — 126 kcal.) for the heat of sublimation of graphite, 
and necessitates a value of ca. 60-70 kcal. for the excitation energy (x) 
in C. The argument of Long and Norrish is, however, based essentially 
on the tacit assumption that the bond-energy term values E* (C—H) 
in CH 4 and in the methyl radical are of similar magnitude. The experi¬ 
mental data place E*(C —H) in CH 4 at (L + x)J 4 + 56*5 kcal., and 
E*(C —II) in the methyl radical at (L -f- x)/$ -j- 41-3 kcal. If the 
E* (C—H) values are assumed equal, then it follows that (L -f x) — 182-4 
kcal. But, since the CH bonds in free methyl are probably of a different 
type (trigonal, or sp 2 bonds) from the tetrahedral sp 3 bonds in CH 4 (see 
Penney 26 and Voge 26 ) it is a considerable assumption to presume that 
the two E*(C —H) are equal or even approximately so. Moreover, it 
does not require a large difference between the two E*[C —H) values to 
make a serious change in the corresponding value (L -f x) : e.g., if we 
assume E*( C—H) in methyl is only 5 kcal. greater than E*(C —H) in 
CH 4 , the value (L -f x) then becomes 242-4 kcal. In view of the very 
sharp dependence of (L + x) on the assumed difference in the E*(C— H) 
values in CH 3 and CH 4 , we are forced to conclude that it would be risky 
to adopt the “ low ” value for L on the basis of the Long and Norrish 
argument alone—although it may still be that the “ low ” value is the 
correct one. 

It is instructive to apply the type of argument used by Long and 
Norrish in the case of CH 4 to other examples. In the case of H a O, for 
which experiment has given the values D{ O—H) ^ 102 kcal., and 
D(H—OH) ~ 119 kcal., the mean bond-energy term E( 0 —H) lies 
midway at 110*5 Leal. If, however, we choose to measure the total energy 
of H a O with respect to the divalent valence state of the oxygen atom, 
which Mulliken 21 has estimated to lie ca. 16 kcal. above the ground 
state, 8 JP, we obtain 118-5 Leal, for the mean bond-energy term E*(&—H). 
In this particular example, there is a very close correlation between 
E*( OH) and D(H—OH) which is interesting, and may be significant. 
But, in the example of HgCl a , an identity between D(C 1 —HgCl) and 
E*(HgCl) would require a value of 56*5 kcal. for the excitation energy to 
the valence state of Hg. This is only half the energy of the atomic 
transition Hg ( x 5 ) -> Hg( 3 P), and we have already pointed out that it seems 

28 Terenin and Tschubarov, Acta Physicochim., 1937, 7, 1. 

83 Ogg and Polanyi, Trans. Faraday Soc., 1935, 31, 1375. 

24 Kistiakowsky and van Artsdalen, J. Chcm. Physics, 1944, 12, 469. 

86 Penney, Trans. Faraday Soc., 193 5, 31, 734. 

24 Voge, J. Chem. Physics, 1936, 4, 581. 

27 Mulliken, J. Chem. Physics, 1934, 3 » 
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improbable that the " valence state ” of divalent Hg can lie at a lower 
level than the lowest of the Hg 8 P levels. 

According to the description we have given, the inter-relation between 
D and E * values is not simple, and we should not expect an identity be¬ 
tween these terms except in special circumstances. Nevertheless, it is 
desirable to examine whether there is a description by means of which it 
may be possible to expect values of x as low as 60-70 kcal. in C, and 50-60 
kcal. in Hg. In this connection, the paper by Voge 24 is of interest, in 
that he shows that the value of the excitation energy to the valence state 
in C is very much reduced below van Vleck's estimation if the valence state 
is considered to be built up from configurations s 1 2 p 2 and p x in addition 
to the configurations sp 2 . It may be that in the case of Hg, inclusion of 
configurations s 2 in the valence state could lead to a lower value of x 
than we have considered possible. But, by so doing, the conception of 
the valence state is rendered rather vague and indefinite : it seems 
more profitable to regard the valence state as something quite specific, 
and to conclude, if necessary, that a simple 1 : 1 correlation between 
D and E* values will not in general be found. 

The author wishes to express his thanks to Prof. M. Polanyi for advice 
during the preparation of this paper, and also to Dr. H. D. Springall for 
many useful discussions. 

Chemistry Department, 

University of Manchester, 

Manchester, 13. 
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PART VI.- DISTORTIONS OF BOND-FORMING ORBITALS 
AND THE EFFECT ON MOLECULAR VIBRATIONS 


By J. W. Linnett and P. J. Wheatley 
Received 15 th April, 1948 

The possibility of the bonding orbitals of a central atom changing their 
hybridisation in such a manner as to follow the outer atoms during bending 
vibrations has been discussed. The effect of this on the bending vibration of 
a non-linear triatomic symmetrical molecule has been examined, and it has been 
shown that the bending vibration would occur more easily if there were such 
orbital following. However, since there is only one bending vibration in such 
a molecule, the concept cannot be tested. In tetrahedral molecules with several 
bending vibrations there are four relevant directions in which the orbitals might 
follow the surrounding atoms. It has been shown that in one of these directions 
there can be no orbital following, and the relative increase in potential energy 
for the other three types of distortion has been obtained. It is proposed to 
include the increase in potential energy due to orbital following in the full 
potential energy function of tetrahedral molecules, and the results obtained 
from this modified form of the O.V.F.F. will be given in a subsequent paper. 


Heath and Linnett 1 have shown that a field based on Pauling’s theory 
of directed valency 2 accounts better for the vibration frequencies of certain 
molecules than does the simple valency force field (S.V.F.F.). They 
called this field, which differs from the S.V.F.F. only in its treatment of 
angular displacements, the orbital valency force field (O.V.F.F.). According 

1 Heath and Linnett, Trans. Faraday Soc. (in ffress). 

2 Pauling, J. Amer. Chem. Soc., 1931, 53, 
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to the O.V.F.F., the criterion for minimum potential energy is maximum 
overlap between the bonding orbitals of bonded atoms. Consider the 
tetrahedral molecule CH 4 . If a hydrogen atom H moves in a direction 
at right-angles to the CH bond, there will be a restoring force proportional 
to the displacement that comes into play tending to return the H atom 
to its equilibrium position of maximum overlap with the carbon atom 
bonding orbital. Thus far the conclusions to be drawn, using either the 
S.V.F.F. or the O.V.F.F., are the same. 

However, in certain vibrations it happens that, as the vibration occurs, 
it is possible to rotate the orbitals of the carbon atom as a whole so as 
to improve the overlap of the bonding orbitals of the carbon atom and 
those of the displaced surrounding atoms. Herein the O.V.F.F. differs 
from the S.V.F.F. The method by which the potential energy expression 
can be obtained, allowing for rotation of the orbitals, has been explained 
in a previous paper. 1 

There is yet another possibility, apart from rotation as a whole, which 
exists regarding the movement of the orbitals of the central atom during 
a vibration. In this the orbitals of the central atom, by changing their 
hybridisation ratios, might alter the angles they make with one another 
in such a way as to follow the movements of the outer atoms.* 

Hence there are two ways in which the overlap between the bonding 
orbitals of the central atom and the surrounding atoms can be increased 
during a vibration— 

(«) Rotation of the orbitals of the central atom, still maintaining their 
original configuration. This effect is the crux of the O.V.F.F., and has 
been considered in a previous paper. 1 

(6) Following of the orbitals, when the original configuration of the 
bonding orbitals of the central atom alters in such a way as to accommodate 
itself to the movement of the surrounding atoms. 

The effect of this type of “ orbital following ” on the potential energy 
of molecules of the type AR 2 and AB 4 is discussed below. 

The Bending Vibration of a Molecule AB 2 

Suppose during the bending vibration that the movement of the two 
B atoms, which must be symmetric, is such that the distorted AB direc¬ 
tions make an angle A a with the directions of the bond-forming orbitals 
of A in their equilibrium configuration (Fig. i). The simple O.V.F.F. 
would give 

2V = 2k A (A<x ) 2 .(i) 

where k a is the O.V.F.F. bending constant. Now let us suppose that it is 
possible for the orbitals of the atom A to change their hybridisation so 
that, when the BAB angle becomes distorted to (2 a -f 2Aa), the angle 
between the bond-forming orbitals of A becomes (2a + 2A/3). The 
angle between each distorted AB direction and the direction in which 
the bond-forming orbital has its maximum value will now be (Aa — A/?). 
However, the new distribution of the bond-forming orbitals of A must 
be of higher energy than that corresponding to the equilibrium con¬ 
figuration. Let us suppose that the increase in energy is given by 

2AF' - MA 0 ) 2 .(*) 

Then for the total potential energy (P.E.) we shall have 

2V - 2/i a (Aa - AjS) 2 + MAjS) 2 . - • • (3) 

In this it is supposed that /?* does not alter with change of hybridisation. 
This will be true if we are including only quadratic terms in our P.E. 
function. 

The orbitals will change their hybridisation so as to follow the B atoms 

* Such a possibility was pointed out by Penney, Trans. Faraday Soc., 1935, 
3 *. 737 - 
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to such an extent as to minimise the energy. Therefore A 8 can be related 
to Aa by 

2^ = — — A0) + 2kpAfi = 0. . . (4) 

2 £> 

Hence A/3 = Aa.(5) 

2 «* 4 - 

When (5) is substituted in (3), we obtain 

ar - £tT^' .' 6 > 

If kp is infinite and there is no orbital following then it will be seen 
that (6) reduces to (1), i.e. the formula for the simple O.V.F.F. However, 
if kp is Unite and there is orbital following 


2 Kkfi 


< K 


2 k lX 4 * kp 

and the bending distortion is easier than if there were no orbital following. 



It is not possible to test this hypothesis with triatomic molecules since 
there is only one bending vibration and the relative magnitudes of k x 
and hp cannot be determined. It was decided, therefore, to apply the 
above considerations to methane and the four deuterated methanes. 

Wave Mechanical Treatment of the Distortions in CH 4 

The s and p eigenfunctions with the same total quantum number do 
not differ very much in their mean values of r 2 Their dependence on 
0 and <j> is given by 

5=1, p x -- v'3 sin 9 cos </>, 

Pv — V 3 shi 0 sin <j>, p, — cos 0, 

where the normalisation factors are equivalent for all. The best bond¬ 
forming orbitals are obtained when these four (5, p x , p y and p s ) are com¬ 
bined to form four equivalent orbitals directed towards the corners of a 
tetrahedron. One set of these, which are directed towards four of the 
corners of a cube in the manner shown in Fig. 2 are 3 

<h = Is + Ip* + IP, -I- \p„ 

<P* = — ip* — IP, + ip,. 

<!>* =- - ip, + IP, - \p„ 

>l>, = I s + ip* - \p, - ip,. 

The lines in Fig. 2 represent the directions in which tli£ bonding orbitals 
have their maximum values. 

3 Pauling, The Nature of the Chemical Bond (Cornell University Press) § 14. 
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Let us suppose that the orbitals are distorted by change of hybridisa¬ 
tion in the manner indicated by the arrows in Fig. 3. This distortion 
might be expected to occur during a vibration of CH 4 of analogous form, 
so that the orbitals would follow the movements of the atoms. Now if 
the bonding orbitals 1 and 2 are to be distorted as in Fig. 3 the p x contribu¬ 
tion to each must increase equally, and the p t and p v contributions must 
remain the same, since the two orbitals remain equivalent. Thus we 
may write 

0i - l*(i f- C) + lp r ( r + B) + ip w (i {-- B) + \pA 1 + A). 

0 a « M* + C) - IPA 1 F B) - ip v ( 1 + B) + ip z ( 1 + A). 




By a similar set of arguments the distorted orbitals 3 and 4 must be 
given by 

*Aa “ l s ( l -F B) — lp x (1 4 - E) 4- hPv( l l L) — },p.( 1 4 - L>), 

04 - i«(i + F) i- lP*(i -F E) - IPA 1 4- E) ~ IP = ( 1 4- D). ( 7 ) 

When distorted the four orbitals must remain orthogonal to one 
another and they must remain normalised. Application of these con¬ 
ditions to the above eqn. (7) enables B, C, D, E and F to be eliminated 
and gives 

0i = M* - A - A*) 4- fa 4- ip y + ip z (i + A ), 

0a — i 5 ! 1 A A 2 ) — \p x — \p y 4" \Pz( l ~F A), 

0 * ls[i 4 -A)- J p x 4- lp v - ip z ( r - /f - ^ 

04 - Mi + A) + ip. - hPv - ip.(i ~ ^ - .4*). 


. ( 8 ) 
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{id 


The first orbital fa has its maximum value when 

— A — A 2 ) -j- ~~ sin 0 L cos fa 

-J- — - sin 6 X sin fa -j- —^(r -}- ^ 4 ) cos 0) (9) 

2 2 j 


has its maximum value. 


It is easily shown that this occurs when fa = 


7T 

4 


and when 


tan B l — 


1 )- ^ 


(10) 


which means that 


sin 0, - ^|(i 


- M) 


and cos 0, — (i + f.4 — . . . (u) 

V 3 

Thus the maximum value M, of fa is 

M x = -](i -A- A *) -H 1(1 - L 4 ) + J(i - H) 

+ |(i + ^)(i + \A - $A*) - 2 - iA». (12) 

In the undistorted form the orbital i makes an angle 6i° with the 
2-axis for which tan 0,° — \ /f 2. The angular distortion of the orbital, 
0, — 0j° = A0 lf may therefore be calculated using (io). It is found to be 

A 0l --^A .(13) 

Substitution of (13) in (12) gives 

M, _ 2 - 1 (A*J*..(14) 

2 

The orbital 2 is distorted through A 0 a =- ^-A also. A similar 

2 

calculation shows that A0 a — A0 4 --- — * -A. Hence the maximum 

3 

values of all four distorted orbitals are given by eqn. (14), which may be 
written in general as 

M-2 J(A 0) 2 ,.(15) 

where A0 — A0 t — A 0 2 — A0 3 — A 0 4 , 

and M --- M x = M 2 = M z = M 4 . 

If the strength or bonding energy of the bond is proportional to M n 
(Pauling has taken n ■=■ 2)*, 

5 — il/ n = 2 n — (w x 2 n ~ 1 ) x J(A0) 2 , 

terms containing higher powers of A 9 being negligible for small displace¬ 
ments. Thus 


— V* oc 15 4 x 2 n — (« x 2 n ~ 1 ) x 6(A0) 2 , 

and AF' oc (n x 2 M ~ 1 ) x 6 (A 0 ) 2 . .... (16) 

This, ideally, is equivalent to the part of the energy change given in 
(2) for the case of the molecule AB a . 

Let us now consider the possibility of distorting the orbitals, by changing 
hybridisation, in the manner shown in Fig. 4. In this case all the orbitals 
will remain equivalent. This means that the contribution of p t to all 
of them would have to increase and in a set of equations like (8), A would 
have to equal D. Likewise B would have to equal E, and C would have 
to equal F. But from the normalisation condition this is impossible, 
i.e. A, B, C, D, E and F would have to be zero. Therefore it is impossible 
to distort the orbitals in the manner shown in Fig. 4 and it would be im¬ 
possible for the bonding orbitals to follow a vibration*bf analogous form. 


4 Pauling and Sherman, J. Amer. Chem. Soc. t 1937, 59 > I 45°* 
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The orbital distortions shown in Fig. 5 and 6 can be treated in a manner 
similar to that of the distortion shown in Fig. 3. The result for the dis¬ 
tortion shown in Fig. 6 is that, if each of the three orbitals is distorted 
through A0' 

— V' oc 15 = 4 x 2” — (n x 2 n ~ l ) x 9/2(A0') a , 
or AK'oc (n x i" -1 ) X 9/2(A0") 2 . .... (17) 



Fig. 4. 

The result for the distortion shown in Fig. 5 is that, if the angle between 
orbital 1 (or 2) and the plane of orbitals 3 and 4 changes by A0', 

— V' oc IS — 4 x 2” — (n x 2»“ 1 ) x 3/4(A0') 2 , 

or AT 7 ' oc in x 2"* 1 ) x 3/ 4 (A0') 2 .(18) 

The above considerations allow us to choose a following constant k f 
such that, for the distortion shown in Fig. 3, wc may write 

A V' = 6A / (A0) 2 . .... (19) 

Then, for the distortion shown in Fig. 5, 

A F' — 3/ 4 £,(A0') 2 .... (20) 

and for that shown in Fig. 6, 

AV' = g/2k f (A6") 2 .(21) 



These expressions for the increase in P.E. due to orbital following 
may then be included in the full P.E. function for each type of vibration 
analogous to each type of distortion. The full P.E. functions for the 
bending vibrations will then include two constants : (a) an orbital bending 









J. W. LINNETT AND P. J. WHEATLEY 39 

constant and ( b ) an orbital following constant. Since there are several 
bending vibrations in tetrahedral molecules, it will be possible to determine 
the relative magnitudes of these two constants. 

Conclusion 

The most important conclusions to be drawn from this study are : 
(i) that bending vibrations will occur more easily in certain molecules 
than would be expected from the simple O.V.F.F., if the bonding orbitals 
are able to follow the movement of the atoms by change of hybridisation ; 
and (2) that in methane it is possible for the bonding orbitals to follow the 
atoms during certain vibrations by change of hybridisation (Fig. 3), but 
impossible for them to follow the atoms during other vibrations (Fig. 4) 
because change of hybridisation in the sense required is not possible. 
Conclusion (2) should enable 11s to test the hypothesis because it predicts 
that certain bending vibrations of methane and its derivatives should 
occur more easily than others. This will be done in a subsequent paper. 

We wish to thank Prof. C. A. Coulson and Mr. H. C. Longuet-Higgins 
for helpful discussions. 

Inorganic Chemistry Laboratory, 

Oxford. 
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PART VII. THE APPLICATION OF THE CONCEPT OF 
ORBITAL FOLLOWING TO METHANE AND 
THE DEUTEROMETHANES 

By J. W. Linnett and P. J. Wheatley 
Received 1 5th April, 1948 

In the present paper we have examined the application of the orbital valency 
force field, combined with the conception of orbital following by change of hybrid¬ 
isation which has been put forward in Part VI, to the vibrations of methane 
and its deuterated derivatives. It was found that the field accounted well for 
the vibration frequencies, the average error between calculated and observed values 
being 1 %. 


In the previous paper 1 it was pointed out that, if the bonding orbitals 
of an atom were able, by change of hybridisation, to follow the attached 
atoms during a bending vibration, the effective force constant for that 
particular deformation would be reduced. The object of the present 
paper is to examine the application of this idea to methane and its four 
deuterated derivatives. In the previous paper, we studied the way in 
which the bonding energy of the tetrahedral orbitals of carbon changed 
for small deviations from the tetrahedral configuration. The decrease in 
bonding energy (i.e. increase in potential energy) depends on the form of the 
distortion. The results that were obtained are summarised below. For a 
distortion of the type shown in Fig. la no following of the orbitals is possible. 
For distortions of the types shown in Fig. 1 b, 1 c and id, the increases in 
potential energy due to orbital following are given, respectively, by 

AV' — 6A,(A0) a , 

A V' - 3/4MA0') 2 , 
and AV' — g/2k f (A 0 ') 8 . 


1 Linnett and Wheatley, Trans. Faraday Soc. (preceding paper). 



40 


MOLECULAR FORCE FIELDS 



Experimental Frequencies 

The spectra of methane and the deuteromethanes have been in¬ 
vestigated by both infra-red and Raman spectrography, 2 and the results 
have been considered and tabulated by Herzberg. 3 Not all of the fre¬ 
quencies are assigned to the different symmetry classes and this had 

2 MacWood and Urey, J. Chem. Physics , 1936, 4, 402. Ginsburg and Barker, 
ibid., 1935, 3 » 668. Benedict, Morikawa, Barnes and Taylor, ibid., 1937, 5, 1. 

3 Herzberg, Infra-red and Raman Spectra (D. Van Nostrand and Co. Inc.), 
p. 309. 
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first to be done by means of the product rule. 4 The secular equations 
from which the frequencies may be calculated, using the simple valency 
force field, 5 are given in Appendix I. Table I gives a list of the experi- 

TABLE I. —The Observed Values for the Fundamental Vibration Fre¬ 
quencies of Methane and the Deuteromethanes and Calculated 
Values using the S.V.F.F. 

T - triply-degenerate vibrations. 

E doubly-degenerate vibrations. 

A ■ - non-degenerate vibrations. 

55 -vibrations symmetric to both the HCH and DCD planes. 

A A -- vibrations antisymmetric to both the HCH and DCI) planes. 

SA -- vibrations symmetric to the ITCH and antisymmetric to the DCD plane. 
AS — vibrations antisymmetric to the HCH and symmetric to the DCI) plane. 



X 10* 

dyne x cm. -1 

Stretching Vibrations 

Bending Vibrations 


*i 

V 

Calc. 

cm.-* 1 

Exp. 

cm.- 1 

% niff. 

Calc. 

cm.- 1 

Iixp. 

cm.- 1 

% Diff. 

ch 4 

5*° 

o-88 

3067^ 

2902-4 

3020^ 
291 4 a 

\~ 1*53 
- °*43 

149 1 £ 
133 i' r 

I529K 

1306^ 

— 2-29 
4* i*93 

ch 3 d 


o*88 

3067# 

2999-4 

2 200 A 

3°3°*. 

2982-4 

2205-4 

-h i* 3 2 

o-54 

— 0-23 

H4i £ 

13243 

11 (>HIi 

1477^ 

1309-4 
II56E 

- 2*44 
•1- i*3« 
+ 1-04 

cii 2 d 2 

yo 

0-88 

3o9<>8-4 

*9<)5 SS 

2 2<)l AS 
2l0lSS 

30208-4 

■2974SS 

2255-45 

21398 s 

4- 1*52 

H 0-71 
f J-6o 

+ 1*03 

I4I35S 

12l)l AA 

1239-45 

1105&4 
IO20SS 

145088 
1285^-4 
! 23524S 
IO908VI 
IO34SS 

“ 2*55 

4 o-47 
4- 0-32 
4' 1*38 
“ o*77 

CHI), 

5*0 

o-88 

303 2 A 

2280-4 

2105# 

2<)92-4 
229 O- 4 
2141 K 

4* i*34 
+ o*88 
- 1*68 

I 26 q£ 
1024!’- 
1010-4 

I299& 

10466 

982-4 

~ 2-31 
- 2*15 
4 - 2*85 

CI) 4 

5-0 

o*88 

2287T 

2053 a 

2258 T 
2085^ 

} 1*29 

4- i-54 

I055U 

999 r 

i° 5 4 £ 

999 

4* 0-09 
4- o*35 




Average . 


Average . 

i*49 


mental frequencies in their symmetry classes, and also calculated values 
using the S.V.F.F. Only two constants are required : 

k lt a valency stretching constant — 4-95 x io 5 dyne cm.-* 1 , 
and kejrh an angle-bending constant = 0 88 x io 6 dyne cm.- 1 . 

These two constants explain all the frequencies with an average error of 
less than 1*5 %, and a maximum error of less than 3 %. 

Although the agreement is quite satisfactory, the S.V.F.F. is not al¬ 
together an adequate field. It breaks down as soon as molecules con¬ 
taining heavier atoms are considered, and, further, its treatment of the 
bending vibrations is essentially artificial. The orbital valency force 
field (O.V.F.F.), introduced by Heath and Linnett,® considers bending 
vibrations strictly in accordance with modern theories of directed valency, 
and on this consideration alone is worthy of attention. 

4 Redlich, Z. physik. Chem., B, 1935, 28, 371. 

5 Ref. 3, p. 168. 

6 Heath and Linnett, Nature , 1948, 161 , 314 ; Trans . Faraday Soc. (in press). 

2* 
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The O.V.F.F. Applied to Methane and the Deuteromethanes 

The O.V.F.F. also requires two constants : k t , a valency stretching 
constant, and £ H ; f s, a constant allowing for the departure from maximum 
overlap of the hydrogen or deuterium atoms. The secular equations 
from which the frequencies may be calculated, using the O.V.F.F., are 
given in Appendix II. 

When the experimental values for the frequencies of CH 4 and CD 4 
are substituted in the secular equations, it is found that the doubly- 
degenerato bending vibrations (Fig. 2) require 

k a ir* =i*35 X dyne cm.- 1 . 




whereas the triply-degenerate vibrations (Fig. 3) require for the bending 
constant 

k'njf* — o*86 x io 6 dyne cm.- 1 . 

It will be seen that the bending motion represented in Fig. 2 has a 
larger force constant than that shown in Fig. 3. Reference to Fig. 1 
shows that the orbitals can follow the vibration in Fig. 3 but cannot follow 
that in Fig. 2. The idea put forward in the previous paper immediately 
offers an explanation as to why the effective force constant is greater for 
the doubly- than for the triply-degenerate vibration, for orbital following 
by change of hybridisation reduces the effective force constant in the case 
of the triply-degenerate bending vibration. 

Analogous results were obtained for the molecules CH S D and CHD S . 
In these molecules, the symmetric vibrations needed a value for £ H /r * 
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of 0*84 X io 6 dyne cm. - 1 , and the degenerate vibrations a value of MX 10 5 
dyne cm.- 1 . The fact that the constant for the symmetric vibrations is 
less than that for the degenerate vibrations is consistent with the view 
that the orbitals of the carbon atom can follow more easily the motion 
of the surrounding atoms during a symmetric than during a degenerate 
vibration. 


The Application of the Idea of Orbital Following to the above 

Molecules 

Since the relative increase in potential energy (P.E.) resulting from 
following of the orbitals in different angular distortions is known, it is 
possible to incorporate this in the P.E. function, and to obtain the secular 
equations in terms of three constants : 

k lt a valency stretching constant, 

h H j r z, a constant allowing for the departure from maximum overlap 
of the hydrogen or deuterium atoms, 
and kf/r 2, the orbital following constant. 

An example is given to show the application of both rotation of the 
orbitals of the carbon atom as a whole and of following of the carbon atom 
orbitals in obtaining the full P.E. function. log. 4 shows the co-ordinates 



that can be used for one of the triply-degenerate vibrations of CH 4 . It 
will be seen that this bending vibration corresponds to the distortion 
shown in Fig. 1 c. This vibration is antisymmetric to the plane through 
the atoms C, H tf and H rf , but symmetrical to the plane through C, H a 
and H 6 . Hence rotation of the orbitals of the carbon atom as a whole 
about the axis which is perpendicular to the plane of C, H a and H ft , lies 
in the plane of C, H e and H,,, and passes through the carbon atom can 
lead to a better overlap of the carbon and hydrogen bond-forming orbitals. 
This will lower the P.E. Let the orbitals be rotated y about this axis 
in an anticlockwise direction. The angle between the new atomic direction 
CH 0 (i.e. the line from the centre of the carbon atom to the centre of the 
atom H a ) and the direction in which the carbon bond-forming orbital has 
its maximum value after rotation will be 




y 


)■ 
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The angle will be the same for the CH 6 atomic direction and its bond¬ 
forming orbital. For the atomic directions CH c and CH rf the corresponding 
angles will be 

A2L» + y» + JLV 

\r + r + V 3/ 

At the same time as this overall rotation of the orbitals occurs, the 
carbon bond-forming orbitals may follow the movement of the surrounding 
atoms through an angle A O' by changing their hybridisation. Let us 
suppose for simplicity of treatment that this type of orbital following 
operates entirely by altering the direction of the orbitals to atoms H a 
and H„, leaving those to atoms H r and H d in their original directions. 
Then the angles between the distorted CH a and CH h atomic directions 
and the directions in which the orbitals have their maximum values will be 


ft 


+ i<'! 

V 3 * 


— y — A0'^ . 


We could equally well have supposed that A 0 ' operated on the orbitals 
to CH c and CH (I or to have been divided between CH 0 and CH„ on the 
one hand and CH c and CH rf on the other. However, any of these is related 
to the one we have chosen to consider by the application of the orbital 
distortion we have selected followed by a rotation of the orbitals as a whole, 
and we could imagine this rotation as a whole to be included in the y we 
have already used. 

Then the P.E. arising from angular distortion only is 

v - *»ft +in ■ 7 - - ar )’ + *“(7+7 + 0 +-frw ■ <■> 

where the last term is the increase in P.E. resulting from the distortion 
of the orbitals by change of hybridisation (see Introduction and Fig. x). 

The rotation of the orbitals y and the orbital following by change of 
hybridisation A6 ' will occur to such an extent as to minimise the P.E. 
To determine the values of y and A0' which will minimise the P.E. we 

dE , 
equate and 


av 

dA~0' Zer ° and ohtain 

\ h ,y I - V 3 *«Vn — — \/$k, ,y 3 

. 4 _ 4 


A O' 


r(k a + 3 k,) 

AhJ’i - —7 knVs + ViKy? 
V 3 _ 


ft) 


(3) 


r(k H + 3 */) 

When (2) and (3) are substituted in (1) we obtain for the minimum value 
of the angular contribution to the P.E. 

3 M/ 

—r~ . A — Vt *T* • 

2 


Ey. + A'.-f 


2 1 2 

• 


r*(k H + 3 k,) W 

The full P.E. function, including bond stretching, is then given by 


(4) 


v - h( Xl + X|y.) + + 7T 3 } • (5) 

From this expression the secular equation may be obtained in the normal 
manner. 7 

The secular equations from which the frequencies may be calculated 
using the O.V.F.F., modified by the introduction of the concept of orbital 
following, are given in Appendix III. With 

k l =" 4’95 x io 5 dyne x cm. 4 , 
knir* “ 1362 X io 5 dyne X cm.- 1 , 
kfjri — 0798 x io 5 dyne X cm.- 1 , 

7 Ref. 3, p. 72. 


and 
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the calculated values of the frequencies are given in Table II. The average 
deviation for the bending vibrations is 1-19 % with a maximum of 2*44 % 
for the 982 cm.- 1 vibration of CHD 8l and for the stretching vibrations 
is o-8i % with a maximum of 2*15 % for the 2141 cm.- 1 vibration of CHD S . 
The numerical agreement between the calculated and observed frequencies 
is better than the S.V.F.F. gives. 

TABLE II.- Calculated Values ok the Vibration Frequencies of 
Methane and the Deuteromkthanes using the O.V.F.F., Combined 
with the Idea of Orbital Following 

T — triply-degenerate vibrations. 

E — doubly-degenerate vibrations. 

A non-degenerate vibrations. 

SS —vibrations symmetric to both the HCH and DCD planes. 

A A = vibrations antisymmetric to the HCH and DCD planes. 

SA — vibrations symmetric to the HCH and antisymmetric to the DCD plane. 
AS — vibrations antisymmetric to the HCH and symmetric to the DCD plane. 



dyne x cm.- 1 

X I0 a 

Stretching Vibrations 

Bending Vibrations 


1 

^11 /r 2 

V* 

Calc. 

cm. -1 

Kxp. 

cm. -1 


Calc. 

cm. -1 

w 1 

Exp. 

cm.- 1 

1 

| % Diff. 

ch 4 

4*95 

1-362 

0-708 

3050^ 

2887^ 

3020'^ 

2914^ 

f 1-02 

— 0-93 

I5 M e 

13227' 

1526^ 

1306!' 

-0-79 

I-2I 

CHjD 

4*95 

1-362 

0-798 

3051 

29514 

2189^ 

3030# 

2982^ 

2205-4 

+0-69 
— 1-04 
-o-73 

I459 e 

I 3 1 5 /< 

1164^ 

i477 E 

13064 

II 56 £ 

— 1*22 
-j-O-OQ 
4-0-69 

CH.L), 

4*95 

1-362 

0-798 

30208.4 

298088 

2 2 56-4 S 
215088 

302084 
297488 
22554s 
213988 

-}-0’20 
+ 0-04 
+ 0-51 

I4248S 

I3I244 

I2 33- 4S 

109784 

IO448S 

I4508S 

128544 

123548 

IOQ084 

IO348S 

-1-79 

4-2-IO 

— 0-16 
4-0-64 
-0-97 

CIID, 

4*95 

1-362 

0-798 

3 01 7 a 
2277 A 
2094^ 

29924 

22694 

2141# 

4 0-84 

4 - 0-35 

-2-15 

I279 £ 

1026^ 

too64 

129 ^ 
1046 E 
9824 

-*‘54 
—* 1‘91 
+ 2-44 

Cl >4 

4*95 

1-362 

0-798 

2276 T 
2042^ 

2258^ 

20854 

+0-79 

2-05 

1071^ 

99 iT 

1054 E 
gg6 T 

f i-6i 
— 0-36 


Average 

o-8i 

Average 

I-IQ 


It is possible to estimate theoretically the ratio between k H and k f 
Suppose we consider the distortion of the form shown in Fig. id. Con¬ 
sider the three orbitals which are equivalent with respect to the fourth 
as a symmetry axis. The magnitude of any one of these undistorted 
tetrahedral orbitals at an angle A0 from the true tetrahedral direction 
can be shown to be 

M = 2 - £(A0) a . 

And if the strength is proportional to M n (see Part VI) : 

— V' oc 2 n — (n x 2 "- 1 ) x £(A0) a . 

This is the same for all three equivalent bonds. For the motion sym¬ 
metric to the axis of the fourth bond, the fourth bond maintains its strength 
at 2 n , and for the four bonds « 

— V* oc 4 x 2 n — 3{n x 2 tt - l x |(A0) a }. 
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But this is, theoretically, the change of energy when there is distortion 
of the molecule with no orbital following ; i.e. when 

AV - h u (A 0 )», 


■ •*/• 

• • ~' l u 


'' l( t 

The present calculations give 


T '5* 


_ I- 7 I. 

k f 0798 

The agreement between the theoretical and experimental ratios is 
therefore quite pleasing. 

By putting the constants h n and h f into eqn. (3) it is possible to cal¬ 
culate the extent to which the orbitals follow' the movement of the sur¬ 
rounding atoms. It is found that they follow to the extent of about 
25 % of the angle through which the atoms move for a vibration corre¬ 
sponding to the distortion shown in Fig. 1 c. 


Conclusion 

Our general conclusion is, therefore, that the O.V.F.F. combined with 
the conception of orbital following gives a very satisfactory interpretation 
of the vibrations of methane and its deuterated derivatives. Moreover, 
the force field does more than merely explain the experimental frequencies. 
It gives a definite picture of the electron distribution within a molecule 
as the molecule vibrates, and thus throws light on the more fundamental 
forces acting within a molecule, which the somewhat artificially conceived 
S.V.F.F. cannot do. 


We wish to thank Imperial Chemical Industries for providing us with a 
calculating machine. 


APPENDIX I 

Secular Equations using the S.V.F.F. 

CH 4 

N ON-DEGENERATE 

A — /q j ~ o, where A - 47rV, v being a vibrational frequency. 

Dou B L V-D 1C GEN E R ATE 


Triply-dkgenerate 




a* - xhj - 1 - + jl\+ +. 8 _n + hM-i + -i~)) = o. 

\ \«'n 3mJ ^ r-\m n ^ ymj i ^ l ^ w h j« 0 // 


Symmetric 


A’ - + JL + + + JLU 

' \m H m D 3 m c J r 2 \m u 3 m c/J 

+ A fvf ■— H — --— ) 

l *n u m c 3 m D m c/ 




*.Sfi+--Lr+=ir, 


r s 1 m a m v ' m a m„ r 3 nt D m c ) i 

- f Al &( _i—(- _i—1_ _jl_u „ 0 . 

I 1 r*\m*m D m H m D m c / j 
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Degenerate 


A 3 - A* (A 

! J— + —) 

+ k -A 

( jl 

+ — 

+ —) 


l \m B 3 w o/ 

r 2 \ 

^4 w h 

4 w i) 
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r \4 m n 4 m a m D 
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m H m c m D m c / 


+ 

+ * 7 -— + - J 1 - + -J- + -L-) 

r* \ 16 m* i6w H Wj)] w h w 0 w? D m c / 

, 15 ■ '5 
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+ 
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r* \ 2 m H m D 
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2 >m n m c 3 w h m c J 
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4m*m H ^ Om*nr 0 6wjw c 
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13 


3 ^h w » w c/ 


+*£( 


-f- 


4 j*?!/ 
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W H WIi)W c 
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2 mJw D 2W H wJ 
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+ _.JL_ 
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To obtain the secular equations for the molecules CHD 3 and CD 4 , replace 
w H by m D and m D by f» B in the equations for CH 3 D and CH 4 , respectively. 
The secular equation headed Antisymmetric-symmetric for the molecule CH 2 D a 
refers to those vibrations which arc symmetric to the plane containing the carbon 
and the two deuterium atoms and antisymmetric to the plane containing the 
carbon and the two hydrogen atoms. To obtain the equation for the vibrations 
symmetric to the HCH and antisymmetric to the DCD plane, interchange w H 
and m D in this equation. 

APPENDIX II 

Secular Equations using the O.V.F.F. 

CII 4 


Non-degenerate 


A - Aqf—j « 
l tn H J 


lm H J 
>*n( n 


Doubly-degenerate 
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To obtain the secular equations for C1ID 3 and CD 4 replace m n by m D and 
m D by m n in the secular equations for CH 3 D and CII 4 respectively. 

APPENDIX III 

Secular Equations using the O.V.F.F. combined with the idea of 
Orbital Following 
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To obtain the secular equations for the molecules CHD S and CD 4 , replace 
m H by w D and *»d by m u in the equations for CH 3 D and CH 4 , respectively. The 
secular equation headed Antisymmetric-symmetric for the molecule CHjDj refers 
to those vibrations which are symmetric to the plane containing the carbon and 
the two deuterium atoms and antisymmetric to the plane containing the carbon 
and the two hydrogen atoms. To obtain the equation for the vibrations sym¬ 
metric to the HCH and antisymmetric to the DCD plane, interchange m H and 
m D in this equation, 4 
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A SEMI-MICRO LOW-TEMPERATURE CALORI¬ 
METER, AND A COMPARISON OF SOME 
THERMODYNAMIC PROPERTIES OF 
METHYL ALCOHOL AND METHYL 
DEUTEROXIDE 

By L. A. Iy. Staveley and A. K. Gupta 
Received 16 th April, 1948 ; as revised 6 th August, 1948 

An adiabatic low-temperature calorimeter is described with which measure¬ 
ments of heats of phase changes and heat capacities from room temperature 
down to temperatures accessible with liquid nitrogen can be made on substances 
liquid or gaseous under ordinary conditions. Only 4*5 cm. 8 of the condensed 
substance are required, and it is considered that the results obtained are accurate 
to within 0*5 %. The calorimeter has been used to compare the heat capacities 
from — 180 0 C to o° C, the heats of evaporation at o° C, and the heats and tem¬ 
peratures of transition and fusion of CH 3 01 I and CH 3 OD. Of the two, CH 3 OD 
has the lower melting point, a smaller heat and entropy of fusion, and the higher 
heat and entropy of vaporisation, and although its transition temperature is 
higher than that of CH 3 OH, the heat and entropy change of the transition are 
smaller for the deuterated compound. With both alcohols, the form stable 
above the transition temperature can be supercooled, and the low-temperature 
form slightly superheated. The nature of the transition (which is of the lambda- 
point type) is briefly discussed, and reasons given for thinking that it probably 
involves a change in intermolecular bonding, perhaps similar to that which 
occurs between the two forms of resorcinol, rather than that it is due to, or is 
accompanied by, the onset of the rotation of the molecules in the lattice. As 
a test of the accuracy of the results obtained with the calorimeter, measure¬ 
ments have been made of the heats of transition and fusion of carbon tetrachloride, 
which are recorded in the Appendix. 


One of the many important results of experimental studies of the 
thermal properties of solids at low temperatures has been the discovery 
of numerous transitions, which, unlike a normal change from one con¬ 
densed phase of a pure substance to another, do not take place abruptly 
at a well-defined temperature, but over a temperature range. These 
unsharp transitions (sometimes known as lambda-points) are manifesta¬ 
tions of changes which involve an increase in disorder and which are co¬ 
operative in the sense that the transformation from the low-temperature 
form with the greater internal order to the liigh-temperature disordered 
form begins gradually but becomes more facile as the degree of disorder 
increases. It is still not known with certainty precisely what alterations 
in the disposition or behaviour of the particles composing the lattice occur. 
It is unlikely that they are always the same, since such transitions have 
been found in substances of widely different chemical types. It has often 
been supposed that lambda-points mark the change from a librational 
motion of molecules or ions in the crystal lattice to their comparatively 
free rotation, but though this interpretation may sometimes be true there 
are various reasons for thinking that it cannot hold universally. 

Both the occurrence and character of transitions are very sensitive 
to the chemical nature of the solid. One of two chemically similar sub¬ 
stances may have one or more transitions, the other none : or both may 
exhibit transitions, but with different characteristics. When, however, 
the molecules or ions in a compound contain hydrogen atoms—and this 
is true of many substances exhibiting lambda-points—it is possible by 
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substituting deuterium for hydrogen to change those properties of the 
particles which depend on their mass without altering the field of force 
surrounding them. Thus, this substitution will increase the moment of 
inertia of the particles but lower the frequency of their lattice vibrations 
and hence their zero-point energy, and the vibrations will become less 
anharmonic. Even these relatively small changes are sometimes sufficient 
to alter qualitatively the properties of the solid. For example, CD 4 
shows two lambda-points while CH 4 has only one, 1 while HBr and DBr 
have three and two unsharp transitions respectively. 2 

Since slight and predictable changes in the behaviour of the particles 
in the lattice may be made by isotopic replacement, comparison of the 
thermal properties of suitably chosen hydrogen and deuterium compounds 
is a promising method of investigating the dependence of such properties 
on the nature of the component particles. In particular, the comparison 
might be expected to increase our knowledge of the causes of lambda- 
points and the factors determining their characteristics. Kelley 3 found 
from heat-capacity measurements that methyl alcohol shows a lambda- 
point about 18° C below the melting-point, and Smyth 4 later suggested 
that this may mark the onset of the rotation of the molecules in the 
lattice about the C—O axis. Since the molecule of this substance contains 
functionally different hydrogen atoms, it was thought that a comparison 
of the properties of CH a OH, CH 3 OD, and Cl) 3 OH might be interesting. 
The investigation of the last of these compounds has been held up by the 
present shortage of heavy water. Measurements have, however, been 
made of the heat capacities from — 180° C to o° C, heats and temperatures 
of transition and fusion, and heats of evaporation of CH 3 OH and CH 3 OD. 

Experimental 

The Calorimeter. —This was much smaller than those usually employed in 
low-temperature work, the calorimeter itself having a capacity of 4-5 cm. 3 . 
The apparatus was, in fact, designed to give results sufficiently accurate to detect 
unambiguously differences in the properties of hydrogen and deuterium com¬ 
pounds which would only be available in small quantities. 

The apparatus was of the adiabatic vacuum type, in which heat exchange 
between the calorimeter and its surroundings is nullified by keeping the sur¬ 
roundings at the same temperature as the calorimeter. In its general construc¬ 
tion it was similar to the numerous instruments of the same kind which other 
workers have used, and of these it perhaps resembled most closely that described 
by Eucken and Schroder. 5 6 Energy was supplied electrically via a constantan 
heating-coil, and temperatures were measured with a platinum resistance 
thermometer. 

Fig. i shows the calorimetric apparatus. The mass of the calorimeter (1) 
was such that its thermal capacity was roughly equal to that of its contents, 
hut preliminary experiments had shown that when solid methyl alcohol is heated 
considerable strain can be imposed on the walls enclosing it, and it therefore 
seemed to be unwise to reduce the thermal capacity of the calorimeter at the 
risk of making its walls dangerously thin. The thermometer (3) was insulated 
from the calorimeter by silk and bakelite varnish. The heating-coil (4) was 
wound on a copper tube and insulated from it by rice paper and bakelite varnish. 
Thicker leads were soldered to the heating-coil so that the junctions were inside 
the copper tube, and these leads were brought into thermal contact with the 
tube on leaving it to ensure that all the heat generated in the coil was transferred 
to the calorimeter, and none of it lost by conduction down the leads outside the 
-calorimeter. 

In order to achieve adiabatic working, both the copper mantle (6) and the 
inlet tube (5) were provided with heating-coils. That on the mantle had a 

1 Bartholom6, Drikes and Eucken, Z. physik. Chem., A, 1938, 139, 371. 

2 Clusius and Popp, ibid. B, 1940, 46, 81. 

8 Kelley, J. Amer. Chem. Soc., 1929, 51, 180. 

4 Smyth and Hitchcock, ibid., 1934 , 5^» 1084 ; Smyth aftd McNeight, ibid., 

*936. 58, 1597- 

6 Eucken and Schroder, Z . physik. Chem., B, 1938, 41, 308. 
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resistance of ca. 1000 ohms, and that on the inlet tube (which was wound over 
a length of 2 cm., at a distance of 6 cm. from the calorimeter) a resistance of 
ca. 300 ohms. Copper-constantan thermocouples fixed to the calorimeter, the 
inlet tube (just below the heating coil), and to the copper rods (12) enabled tem¬ 
perature differences between these parts of the apparatus to be detected. 

The purpose of the copper vessel (7) was to increase the thermal capacity 
of the mantle and to extend the range of the apparatus to lower temperatures 
in the usual way (i.e. by filling the space in (7) with a liquefied gas through the 
valve (8), and then pumping out through the outlet (9)). It also enabled the 
leads to be cooled to the temperature of the calorimeter, which was essential 
in view of its very small thermal capacity. The German silver tube (11) was 
soldered at the roof of the copper vessel (7) to a copper tube which passed through 
this vessel. This copper tube, after insertion of the cable of leads, was filled 
with Wood's metal. On leaving the lower end of the copper tube the cable was 



Fig. 1.—The calorimeter. The 
diagram on the right shows 
the upper part of the ap¬ 
paratus as seen from the 
right-hand side of the com¬ 
plete diagram. (1) Cylindri¬ 
cal copper calorimeter, wall 
thickness 0*5 mm. ; (2) con¬ 
centric, perforated copper 
cylinders, o-i mm. thick, to 
hasten the attainment of 
thermal equilibrium ; (3) 

platinum resistance thermo¬ 
meter, s.w.g. 48, Q ~ 327 
ohms at o°C; (4) constan- 
tan heating-coil, s.w.g. 48, 
Q — 420 ohms at o° C ; 

(5) German silver inlet tube 
to calorimeter, 3 mm. diam., 
wall thickness o-i mm. ; 

(6) cylindrical copper mantle; 

(7) copper vessel half filled 

with lead ; (8) valve ; (9), 
(10), (11) German silver 

tubes ; (12) copper rods ; 

(13) copper cross-piece join¬ 
ing copper rods; (14) 

chromium-plated brass can, 
wall thickness r mm. ; (15) 
German silver tube. 


split into its component wires, and each was wound ten times round one of the 
copper rods (12) soldered to the underside of the copper vessel (7) or round the 
cross-piece (13) joining the lower ends ot these rods. These rods served a dual 
purpose in supporting the leads and in completing the transference to the mantle 
of the heat conducted down them. 

The Dewar vessel containing the refrigerant (liquid oxygen or a mixture 
of solid carbon dioxide and alcohol) was supported on a stand with an arrange¬ 
ment for the fine control of its height. This made it possible to adjust the depth 
of immersion of the apparatus in the refrigerant so that the temperature of the 
junction of the tubes (5) and (15) was only very slightly less than that of the 
calorimeter, or alternatively very slightly higher when the vapour pressure 
of the contents of the calorimeter was such as to make it imperative to eliminate 
any possibility of condensation at a cold spot in the inlet tube (5). 

The electrical measurements and the calibration of the platinum 
resistance thermometer. —The resistance at the ice-point was easily deter¬ 
mined by immersing the whole calorimeter in pure, melting ice. To obtain 
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further calibration points, which had to be fairly numerous as the thermometer 
was not strain-free, use was made of the accurate measurements recorded in the 
literature of the triple-points and vapour pressures of methane, phosphine, and 
ammonia. Each of these substances was condensed into the calorimeter and 
the resistance of the thermometer at the triple-point determined. The condensed 
gas was then warmed up in steps of about 6° C, the calorimeter was brought to 
constant temperature at the end of each heating x>eriod, and simultaneous 
measurements of the vapour pressure of the liquefied gas and thermometer 
resistance made. From the numerous pairs of resistance-temperature values 
so obtained a calibration curve was constructed and utilised as described in 
Ostwald-Luther’s Physikochemische Messungen* 

This method of calibrating the thermometer had the advantage that it could 
be quickly repeated at any time. Frequent repetitions did in fact prove necessary, 
as stresses were sometimes set up in the calorimeter when it contained solid 
CH a OH or CH3OD which apparently caused a slight stretching of the wire. 
The success of this method of calibration depends on the purity of the substances 
used and on the accuracy of the vapour pressure readings. The preparation 
and purification of the three gases is described below. Vapour pressures were 
determined with an accuracy of 0*02 mm. or better with a manometer with which 
readings were made on a Socic*t6 Gdnevoise glass scale by means of a built-in 
travelling microscope. 

The necessary triple-point and vapour pressure data for ammonia and phos¬ 
phine were taken from the papers of Overstreet and Giauque 6 and Stephenson 
and Giauque 7 respectively. For methane, insertion of our own value of the 
triple-point pressure in the vapour pressure formula of Henning and Stock 8 
gave yo-68° K as the triple-point, which agrees with the figure reported by 
Clusius and Weigand. 9 

As regards the measurement of energy input, the resistance of the constantan 
heating-coil in the calorimeter was determined as a function of temperature, 
and the rate at which heat was supplied during any measurement was found by 
a potentiometnc determination of the current flowing through the coil, which 
was between 5 and 30 mA. Current was suppled by a battery of accumulators 
which discharged during the "off " periods through a stabilizing resistance. The 
heating time was determined by means of an electrically operated stop-watch 
which had been calibrated against a standard clock. It was actuated by a 
double-throw switch which simultaneously started and stopped the current 
through the calorimetric heating-coil. 

The method of measuring heat capacities.—A suitable quantity of 
the liquid to be studied was condensed into the calorimeter from a detachable 
trap connected to the vacuum line. The amount of liquid transferred to the 
calorimeter was found from the change in weight of the trap. The calorimeter 
was then brought to a steady temperature by suitable adjustment of the depth 
of immersion of the apparatus in the cooling-bath and of the currents flowing 
through the hcating-coil on the copper mantle (6) and the coil on the inlet tube (5). 
With practice, it was possible to hold the temperature of the calorimeter constant 
to o*ooi° C for the period of time required for an average heat capacity deter¬ 
mination. Such determinations were, however, made with a temperature drift 
before and after the actual heating period so long as the drift did not exceed 
o*ooi° C/min., although in measurements in the transition regions of CH 3 OH 
and CH3OD (where very small temperature changes consequent on the applica¬ 
tion of small quantities of heat had to be measured), the working was made as 
truly adiabatic as possible. The heating period was usually between 10 and 
20 min., and the temperature rise 2° to 5 0 , the final temperature of one measure¬ 
ment serving as the initial temperature of the next. The heat capacity of the 
empty calorimeter was carefully determined from — 180° C to o° C. 

Preparation and purification of the substances used.— Methane 
was prepared from purified methyl iodide via the Grignard compound, and 
fractionated at the temperature of boiling oxygen in a column of the type de¬ 
scribed by Clusius and Riccoboni. 10 The purity of the main fraction was tested 

• In later work with this calorimeter, five gases have been used for calibrating 
the resistance thermometer (methyl chloride, methyl bromide, phosphine, 
methane, and ethylene). The range 0° C to — 180° C can then be covered almost 
without a break. 

• Overstreet and Giauque, J. Amer. Chem. Soc., 1937, 59, 254. 

7 Stephenson and Giauque, J. Chem . Physics , 1937 5> J 49- v 

8 Henning and Stock, Z . Physik, 1921, 4, 226. 

• Clusius and Weigand, Z . physik. Chem., B t 1940, 46, 1. 

10 Clusius and Riccoboni, ibid., 1939, 38, 81. 
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by measurement of the triple-point pressure at different stages of melting . There 
was no detectable drift in the pressure values, the mean of which was 87*75 ± 0*04 
mm., somewhat higher than the value of 87*4 mm. recorded by Frank and 
Clusius. 11 

Phosphine whs prepared from phosphoiiium iodide by the method of 
Stephenson and Giauque. 7 It was fractionated in the same column in a bath 
of alcohol maintained at — 98° C. The triple-point pressure of the main frac¬ 
tion again showed no drift as melting proceeded. The mean value was 27*45 
± o*o7 mm., slightly higher than the figure of 27*32 dz 0*02 mm. given by 
Stephenson and Giauque. 

Ammonta from a cylinder was passed through a cotton-wool filter and solid 
KOfl and condensed. After being repeatedly cooled in liquid oxygen and pumped 
out, it was twice fractionally sublimed. The middle fraction of the second 
sublimation gave a constant value for the triple-point pressure of 45*60 ± o*o2 
mm. (ef. Overstreet and Giauque, 6 45*58 mm. ; Thode, 12 45*61 mm.). 

Methvl Alcohol. An a.r. sample was first dried over lime, then fraction¬ 
ated, and further drying of the middle fraction carried out by treating it with 
magnesium according to the method of Bjerrum and Zechmeister. 13 It was 
again fractionated, and the middle fraction used in the calorimetric experiments : 
rf 4 20 was 0-79216 (cf. 0*79134, hit. Cnt. Tables). 

Methyl Deuteroxidk, CH ;t OD. -This was prepared by treating magnesium 
methylate with I) 2 0. 6*4 g. purified methyl alcohol were refluxed with 2*4 g. 

magnesium for several days in an all-glass apparatus, and the surplus methyl 
alcohol removed by condensation into a cooled trap while the magnesium methyl¬ 
ate was kept at 50° C. The methylate was then treated with 2*5 g. of qq*(> % 
D a O at 50° C for three days. The crude C'H 3 OD was then dried over lime which 
had been heated in vacuo for tw*o days, then refluxed over a small quantity of 
magnesium methylate. Further treatment with magnesium (with which the 
liquid now reacted very readily) produced no change in its density, and the pro¬ 
duct was freed from traces of dissolved hydrogen and condensed into the 
calorimeter. d\ Q was 0-81269. 

The accuracy of the results obtained with the calorimeter. —The 

values recorded by different observers for the thermal properties of a given 
substance frequently disagree by much more than would be expected from the 
estimated experimental errors. Comparison of the results furnished by a. given 
calorimeter with those of independent workers would therefore seem to be 
desirable in any case, and essential here in view of the unusually small capacity 
of the calorimeter. 

From smoothed curves drawn through the plot of our experimental values 
of the molar heat capacity of CH 3 OH against temperature, we have derived 
values at io° intervals which are compared in Table I with the figures obtained 
in the same way from Kelley's 3 results. There is no systematic deviation be¬ 
tween the two sets of figures, and the mean (arithmetical) difference is about 
0*5 %. Our figure for the heat of fusion of the same substance is about 0*3 % 
lower than that of Kelley. The heats of transition do not agree so well, our 
value being 170 cal./mole, as against 154*3 cal. but, as explained later, the evalu¬ 
ation of this quantity is rather arbitrary. Our value for the molar heat of 
evaporation of CIf 3 OII at o° C, 9,207 ± 20 cal., is about 0*2 % higher than 
that of Fiock, Ginnings, and Holton, 14 which appears to be the most accurate 
figure available for comparison. 

In order to extend these comparisons to another substance, measurements 
were made of the heats of fusion and transition of carbon tetrachloride. This 
substance was selected since it can easily be obtained in a very pure state, and 
because what seemed to be a very accurate determination of the quantities 
concerned had been carried out by Johnston and Long. 16 Our results are re¬ 
corded in Table VI l in the Appendix, and compared there with those of Johnston 
and Long. It will be seen that their values, particularly that for the heat of 
fusion, are not in good agreement with our own, but some time after the latter 
had been obtained, values were published by Hicks, Hooley, and Stephenson, 16 


11 Frank and Clusius, ibid., 1939, 42, 410. 

12 Thode, /. Amer. Chem. Soc., 1940, 62, 581. 

13 Bjerrum and Zechmeister, Ber., 1923, 56, 897'. 

14 Fiock, Ginnings and Holton, Bur. Stand. J. Res., 1931, 6, 881. 
16 Johnston and I-ong, J. Amer. Chem. Soc., 1934, 56, 3 1 - 

16 Hicks, Hooley and Stephenson, ibid., 1944, 66, 1064. 
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which agree very closely with ours. It is perhaps significant that the results 
of Johnston and Long are low, and that in some of their determinations of the 
heat of fusion the heating of the solid was started at temperatures unusually 
close to the melting-point in measurements of this kind. In the light of these 
comparisons, it would appear that errors in the heat capacities and heats of 
phase changes obtained with our calorimeter are not, on the average, greater 
than 0*5 %. 


Results 

The heat capacity of both alcohols was measured from qo° to 273 0 K. Two 
independent runs were carried out on each substance. The results are plotted 
in Fig. 2 and 3. Values of C v per mole at io° intervals, interpolated from smooth 




curves drawn through the experimental points, are recorded in Table I, except 
for the regions between the beginning of the transition and the melting-point, 
for which interpolated C„ values at smaller temperature intervals are given in 
Table II. By rapidly cooling the high-temperature solid ^modifications of the 
two alcohols they could be preserved for a long while well below the transition 
temperatures. On warming up these supercooled forms to a few degrees below 
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the transition temperatures, the change to the low-temperature forms took place 
with liberation of the heat of transition. All measurements on the low-temper¬ 
ature forms of the alcohols were therefore made after each had been kept a little 
below its transition temperature for a time sufficiently long to ensure that con¬ 
version to the low-temperature modification was complete. 

TABLE T.— Molar Meat Capacity of CH 3 OH and CH 3 OD at io° 

Intervals 


C p values 


Temp. 0 K 

CH 3 OH 
(This research) 

CH 3 OH 

(Kelley) 

A C»» 

CH 3 OD 

90 

9 * 5 8 

9*71 

-i *4 

9*66 

TOO 

10*30 

10*47 

— i*i 

10*48 

3 TO 

11*10 

11*16 

-o *5 

11*26 

120 

1 i * 8 3 

11*78 

+0*4 

12*01 

I30 

12*50 

12*37 

*T 1 *o 

12*72 

I40 

12*89 

12*96 

— °*5 

12*32 

150 

13*45 

i 3 * 5 i 

-0*4 

14*18 


Transition region. See Table II. 


180 

t 6*79 

l6*78 

O 

17*25 

T90 

16*72 

16*78 

~ °‘4 

i 7 * 3 i 

200 

16*98 

16*88 

fo*6 

17-52 

210 

17*11 

16*97 

l-o*8 

i 7 * 7 o 

220 

17*16 

17*04 

! 0 *7 

17-83 

230 

17-24 

17*20 

*}- 0*2 

17*91 

24O 

17-30 

17*40 

— 0*2 

18*04 

230 

17-56 

17*62 

o*3 

18*29 

2(>0 

17-82 

17-89 

-0*4 

18*63 

270 

i 8 -ii 

l8-ic) 

- 0*4 

19*04 


* A C v represents C v (this research) minus C v (Kelley) as a percentage. 

The unit for C p and all energy quantities throughout this paper is the 
15 0 C cal. = 4*1^33 mt. joules. 


TABLE II 

Molar Heat Capacity of CH 3 OH and CIT 3 OI) in the Transition 

Region 


ch 3 oh 


ch 3 ()d 


Temp., 0 K 


Cp 


Temp., K 


Cp 


153 

I3* () 

155 

13-8 

157 

; 14*4 

157*73 

45 

157*75 

60 

I57'85 

121 

157*96 

62 

I5 8 *4 

25*2 

159-5 

19-9 

162 

13*0 

164 

11*0 

166 

IO *55 

168 

10*9 

170 

n*7 

172 

12*9 


15*2 

14*6 

154 

14*75 

15b 

14*85 

I5 8 

15 

160 

15*5 

160*65 

40 

161*1 

120 

162 

16 

163 

13 

164 

12*3 

166 

12*7 

168 

14*3 

___ 

— - 



L. A. K. STAVELEY AND A. K. GUPTA 


57 


It was also found possible with both alcohols to superheat the low-temperature 
form to 0*5° to i° above the temperature at which the heat capacity for the 
substance when in an equilibrium condition reaches its maximum value. More¬ 
over, in the heat capacity measurements in this region, equilibrium was reached 
only after a long time (sometimes several hours), and this militated against 
accurate determinations of the true C p values and of the transition temperatures 
(i.e. the temperature at which C p reaches its maximum). By carrying out a 
large number of C p determinations with small energy inputs in the neighbour¬ 
hood of these temperatures, thev were assigned the values of 157*8° ± o*i°K 
for CII3OH (cf. 157*4° K, Kelley; 3 i6i*i°K, Parks "), and i6t*i -t o*i° K 
for CH 3 OD. 

Heats of transition were found by measuring the heat absorbed on warming 
up each alcohol from a temperature below the transition region to that point 
between the transition temperature and the melting point at which C 9 is a 
minimum, and subtracting from this the " normal " heat intake for the given 
temperature rise. This was evaluated by extrapolating to the transition tem¬ 
perature the “ normal " C p against T curves above and below the transition. 
These extrapolations are somewhat arbitrary, particularly in view of the narrow 
intervals between the transition and melting points. The “ normal " C p -T 
relationship in this interval, both for the determination of heats of fusion and 
transition, was taken to b^ that given by the experimental values between 
166° and 171° K for CH 3 OII and between 164° and 167° K for CH 3 OD. The 
results of the experiments on the heats of transition are recorded in Table III. 

TABLE III.— Heats ok Transition of CH 3 0 H and CH 3 00 


Temp, interval 

Cal. supplied 

jc p X dT 

(calorimeter + contents) 

Molar heat of 
transition 


CHj,OH. Transition temp. 157*8° K. Mass of sample 3*0043 g. 


151*05-166*31 

5 m >5* 

40*8l6 

168*g 

150*77-166*01 

' 56*638 

40*830 

168*6 

151*06-166*17 

5 6 *636 

■ 

40 * 4 I 5 

Mean 

173*0 

170 ± 2 cal. 

(TT3OI). Transition temp. i6j*i° K. Mass of sample 2*9118 g. 

155*13-165*06 

42 *I 77 

28-458 

155*7 

155*00-164*94 

42*177 

28-507 

I 55 *i 

J 54 ' 7 6 -> 64 ' 5 ' s ^ 

42*030 

28*221 

Mean 

156-7 

I55‘8±i cal. 


TABLE IV.— Melting Points of CH s OII and CH 3 OD 


CH3OH 

CH3OD 

% Melted 

Temp., 0 K 

% Melted 

Temp., 0 K 

4 

175*19 

25 

173 * 2.5 

21 

175*31 

46 

173*40 

30 

175-35 

67 

173-48 

57 

175-38 

»7 

I 73*50 

75 

175-387 

— 

— 

93 

1 75-393 

— 

— 

99 

175-40 




The mean value for CH 3 OH (170 ± 2 cal.) is higher than that for CH a 01 > 
( 155*8 db 1 cal). 

The melting point of each alcohol was determined by the usual method of 
melting the solid in stages and recording the equilibrium temperature at each 
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stage. One such set of observations for each alcohol is recorded in Table IV. 
Owing to the strain to which the calorimeter appeared to be subjected when 
the alcohols were solidified and later melted in it, with a consequent alteration 
of the characteristics of the platinum thermometer, it was considered advisable 
to carry out several determinations of each melting point, each determination 
being preceded and followed by recalibration of the thermometer. For CH 3 OH, 
four determinations of the melting-point did not differ by more than o*o8° and 
gave a mean of 175-37° ± 0*04° K (cf. 175*22° K, Kelley ; 3 175*3° K, Parks 17 ). 
Four values were also obtained for the melting point of CH 3 OD. These covered 
a range of 0*15° K, the mean being 173*52° T 0*08° K. 

The results from which the heats of fusion were estimated are given in Table V, 
The molar heat of fusion of CH a OH, 755*1 ± 3 cal., (cf. 757*2, Kelley; 759 * 4 * 
Parks), is considerably higher than that of CH s OD (726-0 i 3 cal.). 

TABLE V.— Hkats of Fusion of CH 3 OH and CH s OD 


Temp. interval 

Cal. supplied 

Jc,,x dT 

Mohir heat of 



(calorimeter -f contents) 



CHjOH. Melting point 175-37° K. Mass of sample 3*0043 g. 


173*54-176*56 

79*596 

9*119 

751*7 

773*20-177* 10 

83 --203 

12*239 

75<>-9 

166*13-177*00 

103*702 

32*752 

Mean 

75<>-7 

755 -i ±3 cal. 

CH3OD. Melting point 173*52° K. Mass of sample 2*< 

9118 g. 

171*30-175*66 

76" 384 

12*567 

724*3 

171*06-175*44 

76*384 

12*495 

725*1 

164*58-175*26 

96*161 

31*976 

Mean 

728*5 

726*0 d. 3 cal. 


In measuring the heats of evaporation, the whole calorimeter was immersed 
in melting ice, and the alcohols evaporated isothermally at a temperature of 
about - 0*5° C, so that there was no risk of the evaporated alcohol vapour 
condensing in the outlet tube. This vapour was condensed in a detachable 
trap cooled in liquid air and its amount determined by weighing. Isothermal 
evaporation was achieved by controlling the rate of flow of the vapour into the 
condensation trap by means of a metal valve of the type described by Saggers, 18 
so that the vapour pressure of the alcohol in the calorimeter (as observed on the 
accurate manometer) was constant throughout. For CH # OH this pressure was 
29*42 mm., and for CH s OD 27*30 mm. The vapour pressures at the ice-point 
were found to be 30*42 and 28*30 mm. respectively. Determinations were made 
on both alcohols at two different rates of energy input, the results of which are 
recorded in Table VI, together with the apparent molar heats of evaporation 
derived from them. These apparent values vary with the rate of energy input 
since the calorimeter gains some heat from its surroundings during the evapora¬ 
tion. The mean values of these apparent heats of vaporisation were plotted 
against the time taken for the evaporation and linearly extrapolated to zero 
heating time (corresponding to infinitely rapid evaporation). The validity of 
this procedure has been discussed by Frank and Clusius. 11 Small corrections 
were applied to the extrapolated values (which referred to — 0*5° C) to obtain 
the molar heats of evaporation at o° C, giving 9,207 -Jt 20 cal. for CH 3 OH and 
9384 b 20 cal. for CHjjOI). Values of the heat of vaporisation of CH 3 OH 
at this temperature given in the literature arc 9192-1, 14 9263,'* and 9360*5*° cal. 

In each determination of the heat of evaporation the calorimeter was initially 
full, and about 1 cm. 3 only was evaporated in any one experiment, which brought 
the level of the liquid down to the top of the heating coil. If more alcohol than 

17 Parks, J. Amer. Chcm. Soc 1925, 47, 338. 

18 Saggers, J. Sci. Instr., 1935, 12, 93. 

19 Young, Proc. Roy . Dublin Soc. t 1910, 12, 374. 

20 Jahn, Z. physik . Chern., 1893, 11, 787. 
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this was distilled off, high values for the heat of evaporation were obtained, since 
some of the heat supplied was communicated to the ascending vapour. 


TABLE VI.— Heats of Evaporation of CH 3 OH and CH 3 OD 
Temp, of measurements ~ — 0*5° C 


Heating time (sec.) 

Cal. supplied 

g. alcohol evaporated 

App. molar heat of 
evaporation 


CH 3 OH 


5718 

230*21 

0*8082 

9127 

571 6 

230*13 

0*8045 

9166 

5738 

231*02 

0*8098 

QI4I 

2O36 

229*73 

0*8009 

9191 

253b 

229*73 

0*8027 

9170 

2535 

229*64 

0*7944 

9263 


Value of true heat of evaporation obtained by extrapolation to zero heating 
time and corrected to o° C ~ 9207 cal. 


CH,OD 


5715 

230*09 

0*8202 

9271 

5715 

230*09 

0*8252 

9215 

57*5 

230*09 

0*8203 

9210 

1799 

I 162*97 

0*5797 

9291 

2535 

| 229*64 

0*8124 

9342 

2535 

229*64 

0*8128 

9337 


Value of true heat of evaporation obtained by extrapolation to zero heating 
time and corrected to o° C ~ 9384 cal. 


Discussion 

At present there is scarcely sufficient information on the thermal 
properties of hydrogen and deuterium compounds to enable us to decide 
with certainty what generalisations, if any, can be made on the effect of 
isotopic replacement on these properties. This lack of data for comparison 
must, therefore, limit the discussion of the results for CH 3 OH and CH,OD, 
though these may prove more illuminating when considered together 
with the same information for CD 3 OH and CD 3 OD, which it is hoped to 
obtain in due course. In so far as the few fairly complete investigations 
do suggest any regularities in the effects on melting and transition 
characteristics of replacing hydrogen by deuterium, these are covered by 
the following statements. 

(1) The temperature of a transition is usually raised, the increase in 
this temperature being greater than the change in the melting-point. 
The heat and entropy change of the transition are also increased. 

(2) The melting-point may be either raised or lowered, but for un¬ 
associated substances it is more often lowered. Lowering of the melting- 
point seems to be accompanied by a drop in the heat of fusion, and a 
very slight decrease in the entropy of fusion. 

The results for CH a OH and CH 3 OD conform with these statements 
except that the entropy change of the transition is less for CH 8 OD than 
for CH s OH. We agree with Kelley that this transition is not of the first 
order. In forming this conclusion, its apparently gradual onset (which 
might be due to an effect produced by impurities similar to pre-melting) 
is perhaps less significant than the failure to end at a well-defined tem¬ 
perature, which is what would be expected in a first-order transition 
in a slightly impure substance. As has already been observed, the 
transition in both alcohols is accompanied by marked inertia ; both 
superheating of the low-temperature form and super-cooling of the high- 
temperature form arc possible. This is noteworthy, since transitions 
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which occur as near to the melting point as those in these alcohols 
are usually free from hysteresis effects, which are more commonly ob¬ 
served when the transition temperature lies well below the melting 
point. 21 

It was found that when methyl alcohol was cooled rapidly in a strong 
hard-glass tube to liquid-air temperature, and then allowed to warm up 
slowly, the glass tube frequently bracked before the alcohol melted. As 
the alcohol was probably largely preserved on cooling in its supercooled 
high-temperature modification, which would change to the low-temperature 
form on slowly warming up to the transition temperature, it seems not 
unlikely that the low-temperature form is the less dense of the two 
modifications. It would be worth while to submit this conclusion to direct 
experiment since, if it be true, it suggests that there may be some re¬ 
semblance between the transition in methyl alcohol and that in resorcinol 
investigated by Robertson and Ubbelohde. 22 The high-temperature 
/3-form of resorcinol is more dense than the low-temperature a-modification. 
the change a -> p involving a distortion of the intermolecular hydroxyl 
bonds such that the molecules are brought closer together. Moreover, 
the transition in resorcinol, like that in methyl alcohol, is accompanied 
by considerable hysteresis and by an entropy change of much the same 
magnitude. Quite possibly, therefore, the transition in methyl alcohol 
involves a rearrangement of intermolecular hydroxyl bonds leading to a 
more closely packed structure. In view of the strong, directional inter¬ 
molecular forces, it seems much less likely, for this particular substance, 
that the onset of molecular rotation (whether about three axes or one) 
can be held responsible for, or accompanies, the change to the high- 
temperature form. 

The values recorded for the heats of vaporisation of CH 3 OH and 
CH 3 OD show that the latter substance is the more highly associated in 
the liquid state. This is particularly evident if, following Hildebrand, 
the entropies of vaporisation are compared at such temperatures that 
the molar volumes of the vapours are equal. Using the results recorded 
above for the vapour pressures and heats of vaporisation at o' 5 C, the 
entropy of vaporisation of CH s OH is 33 70 cal. mole- 1 deg. -1 at o° C, 
and that of CH 3 OD at the temperature (1-22° C) at which the vapour 
has the same molar volume as CH 3 01I at o° C is 3417 cal. mole- 1 deg.- 1 . 
The entropies of vaporisation of H 2 G and D 2 0 when compared on the 
same basis stand in the same relation. In the neighbourhood of their 
triple points the entropy of vaporisation of D 2 0 exceeds that of H 2 G by 
about one unit. It is also interesting to observe that with methyl alcohol, 
as with water, the molar volume of the deuterium compound is the greater. 
(The figures at 20° C are 40 66 cm. 3 for CH 3 OD and 40*49 cm. 8 for 
CH a OH.) 

We are indebted to the Government Grant Committee of the Royal 
Society and to Imperial Chemical Industries, Ltd., for financial help, 
and we also wish to thank Dr. B. Lambert for providing the manometer, 
and Mr. J. H. E. Jeffes for assisting us with the measurements on carbon 
tetrachloride. 


Appendix.— As a chock on the results obtained with the calorimeter, deter¬ 
minations were made of the heats of fusion and transition of carbon tetrachloride. 
The melting point of the sample used changed by < 0*005° over the range 20 
to 90 % melted. The experimental observations are recorded in Table VII, 
and our values for the heats of transition and fusion are compared there with 
those of other workers. Of these, those determined most recently (by Hicks, 
Hooley and Stephenson) are in excellent agreement with our own. 


21 Eucken and Schrdder, Nach. Ges. HTss. Gottingen, 1938, 3 (5I, 65. 

22 Robertson and Ubbelohde, Proc . Roy. Soc ., A, 1938, 167, 122, 136. 
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TABLE VII. —Heats of Fusion and Transition of Carbon 
Tetrachloride 


Heat of transition. (Transition temp. — 225*75° K) 


Mass sample (g.) 

Temp, interval 

Cal. supplied 

jCp X dT (calori¬ 
meter + contents) 

Molar heat of 
transition 

6-4131 

222-65-228-33 

62-794 

i 7 -ot 5 

1098-2 

6-4131 

222-99-228-65 

62-991 

17-090 

1096-3 

6-4717 

223-50-227-93 

59*^6 

13-270 
Mean value 

I093-I 

1096 cal. 


(Other values : Latimer, 23 1100 ; Johnston and Long, 16 1080*8 ; Stull, 24 
1100 ; Hicks, Hooley and Stephenson, 16 1095 cal.) 


Heat of fusion. (Melting point = 250-2° K) 


(>•3115 

248-20-252-65 

38-564 

13-910 

600-9 

6-3113 

248-20-253-38 

40-1)72 

16-229 

603-1 

<‘•5147 

248*48-252-19 

37' 1 5^ 

I i*6oo 

f>0 3'5 

6-5147 

248-59-251-25 

33'849 

8-465 

Mean value 

599-4 
602 cal. 


(Other values : Latimer, 23 G44 ; Johnston and Long, 16 577-2 ; Stull, 24 581 ; 
Hicks, Hooley, and Stephenson, 16 601 cal.) 


The Inorganic Chemistry Laboratory, 

Oxford. 

23 Latimer, /. Amer. Chew. Soc ., 1922, 44, 90. 

24 Stull, ibid., 1937, 59, 2726. 


THE POLARISABILITIES OF BONDS 

PART II.—BOND REFRACTIONS IN THE ALKANES 

By B. C. Vickery and K. G. Denbigh 

Received $th May, 1948 

The molar refractions of the paraffins are examined to determine how 
accurately the observed data can be represented by a simple system of bond 
refractions and to what extent deviations can be related to structural factors. 
The molar retractions of the 196 alkanes considered, normal and branched, 
can be calculated from the bond parameters [Cl I J — 1*674 and [CCJ -- 1-296 
with an average discrepancy from the observed value of less than 0-5 %. 
A methyl branch in the 2-position leads to a slight but real increase in molar 
refraction relative to the normal isomer, 2 : 2-dimethyl branching leads to a 
considerably larger increase. All other forms of branching lead to a decrease 
in molar refraction, the decrease being the greater according to (i) the degree 
of branching, (ii) the length of the branching chain. 


In an earlier paper by one of the authors 1 a general survey was made 
of the possibility of regarding the polarisability of a molecule as being 
primarily located in the bonds . The data on the molecular refraction of 
substances was therefore analysed directly in terms of bond refractions, 
in place of the older analysis of Briihl, Landolt and Eisenlohr in terms 
of atomic refractions. In our earlier paper, data on the Kerr constant 
and depolarisation factor were also used, in order to determine the aniso¬ 
tropy of the bond ellipsoid, i.e. the relative ease of electron displacement 
in directions along and at right-angles to the bond axfs. 

1 Denbigh, Trans. Faraday Soc., 1940, 36, 936. 
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Our present object is to determine how accurately the observed molar 
refraction can be represented by a simple system of bond refractions and 
to what extent the small deviations can be related to structural factors. 


In this paper we deal only with the paraffins. We use the molar refraction 
according to the Lorenz-Lorentz expression 


[*,] - 


(nj_—_i) M 
(n* *f 2) d 



where [P v ], n v and a y are the molar refraction, refractive index and polar- 
isability respectively at a particular frequency, v. In a recent paper, 
Huggins 2 has analysed the refractivity of the hydrocarbons by use of 
the Gladstone-Dale formula. It seems unnecessary to emphasise the 
greater theoretical significance of the Lorenz-Lorentz refraction or the 
fact that it is much more nearly independent of temperature and of state 
of aggregation. 3 The Lorenz-Lorentz refraction is dependent almost 
entirely on the internal structure of the particular molecule. 

Before proceeding to our main object it is desirable to make clear 
the distinction between atomic and bond refractions, (a) If we confine 
attention to saturated compounds of carbon with monovalent elements, 
the number of atom types is always equal to the number of bond types. 
For such compounds, the systems of atomic and bond refractions each 
require the same number of parameters and there is a simple algebraic 
relation between them. (6) This mathematical equivalence no longer 
holds amongst compounds containing more than one polyvalent element. 
For example, in the case of the aliphatic amines, the older system uses 
five parameters : the atomic refractions of C and H, together with the three 
different values for N, according to whether it is found in primary, 
secondary or tertiary amines. For the same group of compounds (and 
also NH 3 ), the bond system uses only four parameters, the refractions 
of the C—C, C—H, C—N and N—H bonds. 


The advantages of the bond system may be summed up as follows. 
(a) It assimilates into the bonds the constitutive effects of the older 
system and thus gives a neater scheme. ( b ) The anisotropy of the polar¬ 
isation ellipsoid of the bond accounts in a natural way for the anisotropy 
of the whole molecule as manifested, for example, in the Kerr effect. 
The atomic system, on the other hand, regards the polarisability as being 
located in symmetrical and isotropic regions about each nucleus, and thus 
does not account for the optical anisotropy of molecules (as was pointed 
out by Silberstein 4 ). (c) According to dispersion theory, the molar 

refraction is dependent on a summation over all the characteristic fre¬ 
quencies, v Jt of the molecule : 





These frequencies are known in many cases to be characteristic of the 
bonds in a molecule, rather than of the atoms. There is thus more reason 


to regard the molecular refraction as a sum of bond terms than as a sum 
of atomic terms. 


Methods of Calculation 

The calculation of bond refractions involves two steps. First, the 
values of certain constants are calculated from the experimental data. 
Thus the molar refraction of a normal alkane containing n carbon atoms 
can be represented by the equation 

[R] = a 4- b(n — 2).(1) 

* Huggins, J. Amer. Chem. Soc., 1041, 63, 116. 

* For further discussion of molar refraction formulae see Bauer and Fajans 
in Physical Methods of Organic Chemistry, Vol. 1, ed. Weissberger, 1945. 

4 Silberstein, Phil. Mag., 1917, 33, 92. 
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Values for the constants a and b are obtained by suitable mathematical 
methods from the observed values of R for a series of alkanes. 

Second, a and b are represented as combinations of bond refractions. 
In this case, b is the — CH 2 increment, and is given by the equation 

b = [CC] + a[CH] . . . . (2) 

where [CC] and [CH] are the C—C and C—H bond refractions. The 
constant a can be represented as 

a - [CC] + 6[CH].(3) 

Inserting the calculated values for a and b in these equations and solving 
gives values for [CC] and [CH]. 

The calculation of a and b in eqn. (1) is essentially the problem of deter¬ 
mining the “ best ” straight line through a number of experimental points. 
A fallacy in the method originally used by Berthelot, 5 Landolt 6 and Briihl 7 
has been pointed out by Angus, 8 and Van der Hulst 9 has similarly criticised 
the method of Eisenlohr. 10 We prefer to determine the “ best ” straight 
line by a procedure which is the equivalent to the method of least squares. 80 

Suppose wo have N members of a homologous series (not necessarily 
consecutive members), whose molar refraction R is represented by eqn.(i). 
Putting x — n — 2, we have 

NI(x[R]) - Ix 2 [R] 

N2x 8 - (I*) 2 ' ' * ’ * * W 

a = 2 [R]/N - blx/N .(5) 

From the values of a and b so calculated, we can obtain calculated 
molar refractions, and a difference (A) between observed and calculated 
values for each member of the series. The standard error for our value 
of b is then given by the square root of the sampling variance V b , which 
is calculated thus : 

v - N1A2 in 

b \N ~ 2 )( N 2 x * - (Ev) 2 )* * * * 1 ' 

Two values of b may be compared by means of a /-test of significance. 
The sampling variances of the two values are summed, and the square 
root (S) of this sum is taken. The value of t is obtained by dividing the 
difference between the two values of b by S. The probability that a value 
of t as large as that obtained is compatible with the hypothesis that the 
values of b do not differ significantly, can now be estimated. This is 
done by examination of a table of t, such as that given by Fisher and 
Yates, 11 using the requisite number of “ degrees of freedom ” (in this 
case equal to four less than the total number of observed values from which 
the two values of b have been calculated). 


The Data 

Several extensive compilations of refractive index (for the D line) 
and density data for alkanes have been made during the last few years. 12 - 14 
Data for the first 43 normal alkanes and 153 branched alkanes used in 
this paper are shown in Tables I and II. The values of Ward and Kurtz 
have been used when these were available, otherwise those of Egloff, 
Francis or Landolt-Bornstein. 

6 Berthelot, Ann. Chim. Phys. (3), 1856, 48, 342. 

• Landolt, Pogg. Ann., 1864, 123, 611. 

7 Brfihl, Z. physik. Chem., 1891, 7, 140. 

• Angus, Ann. Reports, 1941, 38, 32. 

9 Van der Hulst, Rec. trav. chim., 1940, 59, 1219. 

10 Eisenlohr, Z. physik. Chem., 1891, 7, 140. 

11 Fisher and Yates, Statistical Tables for Biological, Agricultural and Medical 
Research, 1943. 

18 Egloff, Physical Properties of Hydrocarbons, Vol. 1, 193^. 

13 Ward and Kurtz, Ind. Eng. Chem, (Anal.), 1938, 10, 559. 

14 Francis, lnd. Eng. Chem., 1943, 35, 442 ; 1944, 36, 256. 
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The tables also show [/?], the molar refraction calculated from the 
observed density and refractive index according to the Lorenz-Lorentz 
formula, using the atomic weights C — 1201, H — 1*0078. 

The remaining columns show [It'], [/?"], values of the molar refraction 
using parameters derived as explained below, and also A 7 — [R — /?'], 
A" ----- [R - R"]. 

The Normal Alkanes.—As the basis of our preliminary examination 
of the normal alkanes, we have taken only the lower members whose 
physical properties are known with considerable accuracy, and have 
restricted ourselves, in the first instance, to eight alkanes about whose 
properties there is close agreement among the three main compilers, viz. 
the normal alkanes C 5 to C n and C lfi . 

From the observed molar refractions for these alkanes, the following 
values were calculated : 

a — 6[CH] f [CC] = ii- 3 39> . - . ( 7 ) 

b = 2[CH] + [CC] - 4-644, . . * (8) 

V b -s- i *57 x io~\ y/V b = 0*00125 (standard error of b). 

Solving between (7) and (8), we obtain 

[CHJ — 1 674, [CC] — 1-296. 

These values were used to calculate molar refractions for all the alkanes, 
including those with branched chains. The results of this procedure 
are seen in Tables I and II, in which [R'] is the molar refraction so cal¬ 
culated and A' is the discrepancy between observed and calculated values, 
A' being positive when the observed value is greater than the calculated. 

Over the whole range of alkanes considered the average discrepancy 
is 0 43 %. Further examination shows that the positive discrepancies, 
which average 0*37 %, occur predominantly among the higher normal 
alkanes, while the negative discrepancies, averaging 0*46 %, lie almost 
wholly among the branched alkanes. 

The reality of the exaltation of the higher members of the normal 
alkanes relative to the lower can be tested statistically. For this purpose 
the best straight line is fitted to the observed molar refractions for normal 
alkanes 0 17 to C 43 , with the results : 

a' - 10 346, b' — 4*697, ty — 4*4 x io -5 . 

The Cli 2 -increment, 4*697, is thus appreciably larger than the value, 
4*644, for the lower members. This difference is certainly not due to 
random causes, as shown by a /-test of significance : 

/ - 7 .8. 

Vv„ -1- iv 

Degrees of freedom — 35. P •< o*ooi. 

The probability that it is a random difference is thus quite negligible. 
It may be, however, that the apparent exaltation is not a genuine struc¬ 
tural eflect. Two possible explanations are (a) systematic contamination 
of the experimental samples by paraffins of higher molecular weight; 
(b) a temperature effect- - many of the higher members were studied at 
temperatures considerably above 20° C. 

On the other hand, an exaltation does not occur among the higher 
branched alkanes and it appears, therefore, that it may be a genuine 
structural peculiarity of the straight-chain compounds. A similar effect 
has been observed by Gibling ls with regard to the parachor. 

The Branched Alkanss.—As shown in the last section the branched 
alkanes in general show an appreciable depression of the molar refraction. 
To test whether this was due to particular types of branching, the 

18 Gibling, /. Chcm . Soc., T941, 299. 
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branched alkanes were separated into groups according to their struc¬ 
tures, and the observed refractions of each group were compared statis¬ 
tically, by the /-test described earlier, with those of the normal isomers. 
In these tests only alkanes with 16 carbon atoms or less were studied, to 
avoid any possible interference from long-chain exaltation. This analysis 
revealed the following statistically significant results. 

TABLE I. — Normal Alkanes 


Carbon 

Atoms 

A 

*i>- 1 

Ref. 

R 

R ' 

A' 

Notes 

1 

_ 

_ 

15 

6*588 

6*695 

—* 0*107 


2 

— 

— 

16 

ii*35 

ii*339 

+ 0*011 


3 

— 

— 

12 

15-857 

15*988 

— 0*126 


4 

— 

•— 

12 

20*800 

20*627 

+ 0-173 


5 

0*6264 

o*3577 

12 

25*271 

25*271 

0 


6 

0*6594 

0-3751 

12 

29*918 

29*915 

+ 0*003 


7 

0*6837 

0-3877 

12 

34*557 

34*559 

— 0*002 


8 

0*7028 

0*3976 

12 

39*191 

39*203 

— 0*012 


9 

0*7179 

0*4056 

12 

43-843 

43-847 

— 0*004 


10 

0*7298 

0*4120 

12 

48*510 

48*491 

4- 0*019 


11 

0*7404 

o*4i73 

13 

53*H9 

53*135 

— 0*016 


12 

0*7495 

0*4217 

! *3 

57*74° 

57*779 

- 0*039 


13 

0*7568 

0*4266 

14 

62*491 

62-423 

4- 0*068 


14 

0*7636 

0*4296 

M 

<>7-053 

67*067 

— 0*014 


L5 

0*7689 

0*4330 

13 

71.793 

71*711 

4- 0*082 


16 

0*7741 

0*4352 

13 

76-354 

76-355 

— 0*001 


17 

0-7778 

0*437*1 

13 

81*055 

80*999 

4- 0*056 

at 25 0 C 

18 

0*7767 

0*4367 

12 

85-787 

85-643 

4- 0*144 

at 28° C 

19 

<>•7854 

0*4404 

13 

90*170 

90*287 

— 0*117 


20 

0*7888 

0*4434 

13 

95*030 

94*931 

4- 0*099 


21 

0*7766 

0*4356 

13 

99*761 

99*576 

4- 0*185 


22 

0*7778 

0*4361 

14 

104*42 

104*22 

4- 0*20 


23 

o*7797 

0*4367 

14 

109*00 

108*87 

4-0*13 

at 47*4° C 

24 

0*7694 

0*4303 

14 

113*76 

H3*5I 

4- 0*25 

at 65° C 

25 

0*7713 

0*4320 

14 

118*59 

118*15 

4-0*44 

at 65° C 

26 

0*7780 

0*4357 

14 

123*16 

122*79 

+ 0*37 

at 6o° C 

27 

o*7753 

0*4345 

14 

128*00 

127*44 

4~ 0*56 

at 65° C 

28 

0*7792 

0*4368 


132*66 

132*08 

4- 0*58 

at 6i*6° C 

29 

0*7789 

0*4364 

14 

137*33 

136-72 

4- 0*61 

at 65° C 

30 

0*7769 

0*4352 

14 

142*06 

141-37 

4- 0*69 

at 70° C 

31 

0*7789 

0*4356 

14 

146*51 

146*01 

4- 0*50 

at 70° C 

32 

0*7798 

0*4364 

14 

151*29 

150*66 

4- 0*63 

at 70° C 

33 

0*7725 

o*4323 


156*17 

155*31 

4- o*86 

at 84° C 

34 

0*7738 

0*4329 

M 

160*81 

159*95 

4- 0*86 

at 84° C 

35 

0*7751 

o*4334 

14 

165*41 

l64*59 

-|- 0*82 

at 84° C 

30 

0*7819 

0*4362 

14 

169*58 

169*23 

+ 0*35 

at 76° C 

37 

0*7780 

0*4345 

14 

174*55 

173-88 

4- 0*67 

at 84° C 

38 

0*7749 

0*4326 

14 

179*28 

178-52 

4- 0*76 

at 90° C 

39 

0*7771 

0*4358 

14 

184*65 

183-16 

4- i*49 

at 84° C 

40 

0*7785 

0*4363 

14 

189*21 

187-81 

4 - i*4° 

at 84° C 

41 

0*7784 

0*4366 

14 

194*07 

192*46 

4- i*6i 

at 84° C 

42 

0*7803 

o*4375 

14 

198*66 

197*10 

4- 1*56 

at 84° C 

43 

0*7810 

o*4378 

14 

203*28 

201*75 

+ i*53 

at 84° C 


Notes .—(1) t = 20 0 C unless otherwise stated. 

(2) In some cases d or n have been corrected using a correction formula 
(ref. 17) to bring them to the same temperature. 


15 Tausz and Homung, Z. tech. Physik, 1927, 8, 338. 

1# Stuckert, Z . Elektrochem., 1910, 16, 37 ; Friberg, Z. Physik , 1931, 73, 216 ; 
Lowery, Proc. Roy. Soc. A, 1931, 133, 188. * 

17 Lipkin and Kurtz, Ind. Eng . Chem. (Anal.), 1941, 13, 291, also ref. 1 * 
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TABLE II.— Branched Alkanes {continued) 
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So THE POLAR ISABILITIES OF BONDS 

(а) Methyl substitution, except at the end of a chain, causes a depres¬ 
sion in the refraction of 0143 ± 0*016 cm. 3 mole-* 1 per methyl group. 

(б) Ethyl substitution causes a depression of 0-244 ± 0-026 cm. 3 mole** 1 
per ethyl group. 

(c) Longer side chains give rise to an average depression of 0*307 ± 0-030 
cm. 3 mole- 1 . 

(d) In sharp distinction to (a), a methyl group in the 2-position causes 
an exaltation of 0-026 ± o-on cm. 8 mole -1 . 

The probability that these results arc due to random error is less than 
o-ooi in the first three cases and less than 0-05 in (d). 

It is of interest that Wibaut and Langedijk 19 on the basis of an 
examination of some 24 alkanes carefully prepared by themselves and 
their collaborators, came to similar conclusions. 

Molar refractions for the alkanes can be calculated, using the branching 
effects derived above to correct the values [I?'] calculated from the 
parameters [CH] — 1674 and [CC] = 1-296. The results are shown in 
column [I?"] of Table II. 

The average discrepancy A" is now only 0-20 %, approximately equally 
distributed among positive and negative values. The corrections for 
branching have therefore, both reduced the average discrepancy from 
° 43 % to 0-20 %, and have also removed the predominance of negative 
discrepancies among the branched alkanes. 

Bond Types 

The analysis so far has been based on fixed values for the refraction 
of the C—C and C—H bonds, together with the small correcting factors, 
(a)-(d), for the branching effects. An alternative procedure, of a type 
previously used by Huggins, 2 in connection with the Gladstone-Dale 
formula, is to make a distinction between the various types of C—C and 
C —H bonds which occur in the alkanes and to attribute specific values 
of the refraction to each type of bond. Thus the C—C bonds may be 
classified according to the number of C—C neighbours each type has around 
it. There are then four types of C—H bond and ten types of C—C bond, 
allowing for the symmetry of arrangement of the neighbouring atoms. 

A scheme of this kind is theoretically more attractive than that which 
was adopted in the previous section. Armed with fourteen parameters, 
one might also expect to reduce the discrepancies to a very small amount. 
We have carried out a great many calculations and have come to the 
conclusion, however, that the procedure is too ambiguous for reliable 
bond values to be obtained. The most that can be said with any degree 
of confidence is that as the number of C—C neighbours around a particular 
C—C bond increases, so its contribution to the molar refraction dimin¬ 
ishes, if it is assumed that the refraction of the C—H bonds remain un¬ 
changed. 

Moreover, such calculations take into account only the change in 
refraction due to branching. The following effects still lie outside the 
scope of the scheme : 

(1) the exaltation in the long chain normal hydrocarbons, 

(2) the different effect of methyl substitution according to the position 
in the chain (see (a) and (d) above), 

(3) the effect on refraction of the length of the side chains, analysed 
at (a), (b) and (c) above. 

All these effects have real statistical significance. They are due, 
perhaps, to specific geometrical factors which affect the density of the liquid 

19 Wibaut and Langedijk, Rec. trav. chim 1940, 59, 1219. 

ao The methods indicated below can be studied in such books as Mather, 
Statistical Analysis in Biology (1946). 
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and thereby its molar refraction, and thus supplement, or limit the ap¬ 
plication of, an analysis based purely on bond types. Any complete 
account of molar refractions in the alkanes would have to provide para¬ 
meters for such further structural effects as well as for fourteen bond types. 

The complexity of such a system makes computation difficult, the 
numerical values obtained are of doubtful validity, and the array of 
parameters is not of real use. In the future development of a system of 
bond refractions, it seems that the most satisfactory procedure will be 
to attribute the best average values to each bond of a distinctive type, 
e.g. C—H, C—C, C—C, C—Cl, etc. These values will then be regarded 
as constant to the first approximation in all compounds. At the second 
approximation , instead of seeking to account for the inevitable small 
deviations by means of a sub-classification of the bond types, it will be 
preferable to make a statistical computation of the magnitude of the 
disturbing effects, as in the previous section. These remarks do not 
in any way impair our view that the bond system is superior to the 
atomic system of refractions. The latter is subject to the same limitations, 
together with the larger ones which are avoided in the bond system. 

Imperial Chemical Industries Ltd., 

Buttcrwick Research Laboratories, 

Welwyn, Herts. 


THE TERMINATION REACTION IN THE 
PHOTOLYSIS OF HYDROGEN PEROXIDE IN 
DILUTE AQUEOUS SOLUTIONS 


By (the late) D. E. Lea * 

Received 19 th May, 1948 

The quantum yields for the decomposition of o-oi M aqueous H a O a have been 
determined over a wide range of intensities of light absorbed. At low intensities 
the quantum yield (y — molecules H a 0 2 decomposed per quantum) is found to 
be proportional to in confirmation of the results of other workers at 

higher concentrations ; but at high intensities y reaches a limiting value — 1*39 
± o-i 1 independent of 7 a t> 8 and the acidity. It is concluded that either or both 
the reactions, 

HO + H 0 2 -* H 2 0 + 0 2 and 2HO a -> H a O a + O a , 

and hence also the reaction, HO -f lT a O a ~^ H a 0 -f II 0 2 , must be occurring. 
The reactions, 2lIO-> H a O a or H a O + O are not excluded, but are considered 
unlikely. 


There is ample evidence, both direct and from sector experiments, 
that the rate of photolysis of hydrogen peroxide in dilute aqueous solution, 

* Dr. D. E. Lea died on 16th June, 1947, and this note has been written by 
F. S. Dainton, of the Laboratory of Physical Chemistry, Cambridge, after con¬ 
sulting Dr. Lea’s practical note-books and inspecting parts of Dr. Lea’s dismantled 
apparatus. Whilst F. S. D. accepts all responsibility for this publication he 
wishes to state that the purpose of, and many of the conclusions drawn from 
these experiments, although not written in Dr. Lea’s notes, were explicitly stated 
by Dr. Lea at a colloquium held towards the end of 1946 and also separately 
to F. S. D. at a later date. The work described was onty a part of Dr. Lea’s 
programme, but it was nevertheless deemed advisable to publish his results 
thus far obtained. 
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is proportional to the square root of the intensity of the absorbed light 1 2 * 
and the first power of the hydrogen peroxide concentration. 8 Quantum 
yields much larger than unity are observed and the reaction is considered 
to be an unbranched chain reaction in which the initial photochemical 
act may be written 

HjO, aq + hv 20 H„. . . . (I) 

Confirmation for this view is afiorded by the fact that hydrogen peroxide 
is a photosensitiser 8 for the polymerisation of water-soluble vinyl com¬ 
pounds just as the electron-transfer reaction, Fe ++ + H 2 0 , -> Fe+ ++ 4 OH, 
which is also a source of hydroxyl radicals, is a thermal sensitiser. 4 * The 
propagation reactions are likely to be those of the Haber-Weiss scheme, 6 * 


viz. : 

OH + 11 2 0 2 -> HO* -f H a O . . . . ( 2 ) 

HO 2 4 H s 0 2 -> H a O 4 O a 4 OH. . . . ( 3 ) 

The termination reaction must involve mutual destruction of the 
chain centres in pairs, and there are three possible paired combinations 
of HO and HO a in which this may be achieved : 

2OH -> H 2 O a .... (4 a) 

2OH -> II 2 0 4 0 * . . . (46) 

2 H 0 2 -> H 2 0 2 4 0 2 ... ( 5 ) 

HO 4 HO* -> H 2 0 4 0 2 ... (6) 


In principle it is possible to devise experiments to distinguish whether 
(4a), or (46), or (5) and (6) are the termination reactions. The method 
is to conduct experiments at such high light intensities and low hydrogen 
peroxide concentrations that the reaction ceases to be a chain reaction 
and merely consists of the groups of consecutive reactions (r) 4 (4 a), 
or (1) 4 (4 h), or (1) 4 (2) 4 (5), or (1) 4 (2) 4 (6). This condition will 
be readily recognised since the reaction rate will then be directly propor¬ 
tional to the absorbed light intensity and correspondingly the quantum 
yield will have fallen to a steady value independent of the light intensity. 
If k x is the quantum yield of the primary act (i.e. reaction (1)) the steady 
values of the observed quantum yield (molecules of H 3 0 2 destroyed), 
for the consecutive reaction corresponding to the above groups would 
be o, h v 2 k v 2k x respectively. 

An earlier investigation made by Heidt 0 indicated that such a limiting 
value to the quantum yield might be attained by using a powerful light 
source, but very high H 2 0 2 concentrations were employed. In the 
present work the quantum yield has been measured over a 50,000-fold 
intensity variation for solutions of concentration 10 M. 


Experimental 

(i) Optical Arrangement. —The light source used was a high-voltage 
gas-filled mercury-vapour lamp, consisting of 30 cm. quartz tubing of diameter 
o*8 cm. wound in a close spiral of about 3*3 cm. diameter. The pitch of the spiral 
was about 1*2 cm. and there were three complete windings. At 10 cm. distance 

1 Allmand and Style, J. Chem. Soc ., 1930, 596; Komfeld, Z. physik. Chem. B, 
J 935 » 39, 205 ; Dain and Pusenkin, J. Physic. Chem. Russ., 1938, 4, 478; 
Qureshi and Rahman, J. Physic. Chem., 1932, 36, 664. 

2 Kornfeld, loc. cit., Henri and Wurmser, Compt. rend., 1913, 157, 126 ; Taylor 
and Anderson, J. Amer. Chem. Soc., 1923, 45, 654. 

8 Dainton, J. Physic. Chem., 1948, 52, 490, and unpublished data. 

4 Baxendale, Evans, et al., Trans. Faraday Soc., 1946, 42, 155, 668, 675. 

6 Haber and Weiss, Proc. Roy. Soc. A, 1934, * 47 » 333- 

6 Heidt, J. Amer . Chem. Soc., 1932, 54, 2840. 

* This reaction was not considered by Dr. Lea. 
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along a radius, the intensity of the full light emitted by the lamp when operating 
at a current of 3 mA, was found from thermopile measurements to be about 
io 4 ergs cm.-* sec.~ l . In the centre of the lamp the intensity was eighty times 
this value. The reaction vessels consisted of small, clear, quartz test-tubes 
of internal diameter 1*22 to 1*29 cm., external diameter 1*48 to 1*58 cm., and overall 
length 1*6 cm. 

(li) Procedure. —Samples of B.D.H. a.r. hydrogen peroxide, freed from 
stabiliser, were redistilled in a Pyrex apparatus under reduced pressure and 
collected in a quartz receiver in which they were diluted with carefully distilled 
water as required. The molar extinction coefficient over the whole wavelength 
range emitted by the mercury lamp was determined by measurements on such 
samples placed in a standard quartz cell of length i*o cm. From the known 
intensity distribution inside and outside the lamp helix, the geometry of the 
reaction cells and the average molar extinction coefficient, the number of ergs 
of light energy absorbed per cm. 8 per sec. could be calculated. 

In each run 1-2 ml. standardised 10 ~ 2 M hydrogen peroxide solution were 
placed in a quartz test-tube provided with a glass dust cover. This cell was 
then clamped at the desired position relative to the lamp. After suitable time 
intervals samples of about 0*02 ml. volume were withdrawn by a micro-pipette 
and transferred to a small glass absorptiometer cell containing a weighed amount 
of about 0*5 ml. titanous sulphate in N H,S 0 4 . After reweighing, the solution 
was thoroughly mixed by sucking up and down several times through a dry 
pipette. The percentage transmission of blue light (Ilford Violet filter No. 601) 
permitted by the resulting yellow-coloured solution was then measured in a simple 
photo-electric absorptiometer. By comparison with a calibration curve the 
amount of hydrogen peroxide added could then readily be determined. For 
each run log 10 (H 2 O a ) was plotted against time and found to give a satisfactory 
straight line over periods of up to 5 hr. at the higher intensities ; thus confirming 
the apparent first order of the reaction. 

Some further experiments were carried out using a i-in-4 rotating sector 
driven through a gear system by an a.c. synchronous motor. 


Results 

The quantum yields obtained under the two conditions of constant illumina¬ 
tion are given in Table I. In Fig. 1 these values of the quantum yield were plotted 
against log 10 / abg — log l0 (6*03 x io 14 ). The data for intermittent illumination 
are given in Table II. 

TABLE I 


Lamp 

Operating 

Conditions 

Position of 
Keacton Cell 

Molar Concen¬ 
tration of 
H* 0 * 

Acidity 

labs (quanta 
l.- 1 sec.- 1 
x (6.03 x 

Quantum 
Yields 
(mol. H|O t 
decomposed/ 
quantum) 

D.c. 3 mA 
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80 

0-034 

none added 

4*4 

48-4 


40 

99 

,, 

2-4 X IO 1 

20*7 


80 

O'OI 

,, 

1-27 

33*6 

M M 

40 

99 

9 9 

7*06 

8-94 


20 

99 

,, 

2*47 X io 1 

5 *ii 

99 9 9 

11 

9 9 
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3*53 

9 $ 99 

10 
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7-9 x io 1 

3 * 3 * 


5 

9 9 

,, 
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i *57 

99 9 9 

5 
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pH 3 *i 

H 
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20 

9 9 

» 3*5 
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11 

99 

„ 1*0 
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1*46 

99 99 

IO 

99 
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1*20 
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99 99 
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1*15 
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,, 
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99 99 
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99 

» 3 *i 

5*63 X IO 8 
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,, 

99 
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1*48 

a.c. 25 mA 

99 

99 
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5*8 x IO 4 

1-49 

11 11 

99 

•• 

„ i-o 

If 

i *37 
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TABLE II 

[H 2 OJ = o-oi M; pH 5 ; cell at 20 cm. from lamp running at 3 mA on d.c. 
7 t bB for continuous illumination at this distance = 24*7 (quanta l.- 1 sec. (6*03 x 
io 14 )) and quantum yield under these conditions -- 5*11. Interpolated values of 
y at 0*25 this value of I % b 8 — 9-7 : r in 4 sector used throughout. 


Sector speed rev. sec. -1 

0-043 

o *475 

0*52 

21 

38 

-wioo 

log 10 (time of 1 rev.) 

1-3665 

0-3233 

0-284 

2*677 

2-42 

^2*0 

Quantum yield (y) . 

7-89 

7 - 5 i 

7-89 

9-0 

9*4 

9-0 


Discussion 


Table I and Fig. 1 show clearly that for o-oi M H 2 O a solutions irradi¬ 
ated with the uniiltered light of a gas-filled mercury-vapour lamp, the 
quantum yield decreases to a limiting value as the intensity is increased. 
This relation appears to be unaffected by the presence of added sulphuric 
acid within the pll range 1-6. The averaged limiting value of the quantum 
yield is 1-39 ± 011, and obtains at intensity values greater than 2-4 x io 17 
quanta l.* 1 sec.” 1 . At lower intensities the quantum yield is propor¬ 
tional to Tabs as is shown by the fact that the equation of the full curve 
drawn in Fig. 1 is yV 1 abH 6-12 x io 8 molecules quanta - * 1.* sec."*, and 
also by the sector experiments. In the latter the value of the quantum 
yield at high sector speeds is almost 8, i.e. i-8 times the value of the 
quantum yield for continuous illumination with this incident intensity. 



whereas a two-fold increase in quantum yield would have been expected 
for » = i in the expression, rate = k /»„, using a i-in- 4 sector. That 
the rate depends on a power of the light intensity less than unity is sub¬ 
stantiated by the decrease of quantum yield with falling sector speed 
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shown in Table II. This decrease begins at a sector revolution time of 
about 0*5 sec. ; but it will be observed that even at the longest times 
employed (23 sec.) the quantum yield has not falle n to the limiting value 
of 5 anticipated theoretically on the basis of a bs relation. This is 
in agreement with Allmand and Style’s results at higher concentrations. 

In all the experiments carried out at high intensities appreciable 
amounts of H 2 O a were decomposed and the concentration decreased ac¬ 
cording to a first-order law, as would be expected if rate = K Jab« and 
/abB — k l / 0 [H,OJ f where I 0 is the incident light intensity. At low 
intensities the data for the decay of [H 2 0 2 ] fit an order 1-5 better than 
unity. This suggests that the expression for the rate in this region is 
A^/abs^tHjOg]. In agreement with this, the quantum yields appropriate 
to 0 034 M H 2 0 2 are respectively 4 0 and 3*85 times the values at the 
lower concentrations for the same value of /ab«. 

The conclusions to be drawn from these experiments are as follows. 

(а) Aqueous solutions of hydrogen peroxide of o-oi M concentration 
undergo photolysis by a chain mechanism provided the intensity of light 
absorbed is less than ^ io 17 quanta l.- 1 sec. -1 . Under these con¬ 
ditions the rate is found to be proportional to [H 2 0 2 ] in accordance 
with the results of previous workers and the Haber-Weiss mechanism. 

(б) At intensities greater than ^3 x io 17 quanta l.- 1 sec.- 1 the 
rate is proportional to / a bs only and the reaction is no longer a chain 
reaction. The limiting value of the quantum yield under these conditions 
is 1*39 ± o il, i.e. greater than unity, and therefore excludes the possi¬ 
bility that either reaction (4 a) or (4 b), followed by O -> £0 2 , is occurring. 
It follows that some H0 2 radicals are formed, presumably by reaction 
(2), and that some if not all the radicals are removed by reaction (5) or (6). 

The results do not exclude the possibility that the quantum yield of 
the primary act (— kj is less than unity and hence that (46) is not occurring 
at all. 

(c) The fact that the values of the quantum yield appear to be inde¬ 
pendent of pH suggests that the various reactions take place as written 
in (1), (2), and (3), and do not involve H0 2 - or O a - ions, the concentration 
of which must have been very different in those experiments carried out 
in the presence of sulphuric acid from those with no added acid present. 

Physical Chemistry Laboratory, 

The University, 

Cambridge. 


THE THERMAL DECOMPOSITION OF EXPLOSIVES 

PART II. CYCLOTRIMETHYLENETRINITRAMINE AND 
CYCLOTETRAMETHYLENETETRANITRAMINE 

Bv A. J. B. Robertson 
Received 20 th May, 1948 

The decomposition of both liquid cvclotrimethylenetrinitramine (cyclonite) 
and cyclotetramethylenetetranitramine follows the unimolecular equation, the 
Arrhenius frequency factors being very large. The unimolecular uncatalysed 
decomposition of cyclonite in dilute solution in dicyclohexyl phthalate and 
trinitrotoluene has a frequency factor approaching the normal value. A more 
concentrated solution of cyclonite decomposes faster than the dilute solutions ; 
this fact and the anomalous frequency factor for the pure liquid are explained in 
terms of a chain reaction of short length with a temperature dependent chain 
length. Analyses of the gaseous products are given, which with the kinetic 
data show trinitrotoluene to behave effectively as an inert solvent with respect 
to cyclonite. 
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In an enquiry into the sensitiveness of explosives to external stimuli it 
was considered desirable to examine the thermal decomposition of the 
important explosives cyclotrimethylenetrinitramine (cyclonite or hexogen) 
and cyclotetramethylenetetranitramine in the liquid phase. 

Experimental 

The methods used for determining the decomposition rate from the pressure 
increase due to the gaseous products and for analysis of the gases were those 
described previously. 1 

Decomposition of Cyclotrimethylenetrinitramine. —This was examined 
above the m.p. (203° C). With quantities of material sufficiently small to 
avoid explosion, the thermal decomposition of cyclonite followed the unimolec- 
ular equation over the whole temperature range 213-299 0 C, the half-life being 
410 sec. at 213 0 C and 0*25 .sec. at 299° C. The reaction rate was the same with 
the sample in Pyrcx glass bulbs or between copper and mica surfaces, and in 
the presence of air, nitrogen or hydrogen at various pressures up to atmospheric 
(provided the conditions used did not lead to an explosive decomposition). 
In vacuo, the substance vaporised and distilled from the hot zone before decom¬ 
posing appreciably. Further recrystallisation of the material from acetone 
was without effect on the rate. This was also independent of mass at the lower 
temperatures when quantities from 4-45 mg. were used. At the higher temper¬ 
atures only a few mg. were used to avoid explosions. From the pressure-time 
curves ummolecular constants ( k) were derived as described before 1 and on 
plotting log 10 ( k x to 3 ) against i/T the points shown in Fig. 1 were obtained. 



Fig. 1. — Decomposition of cyclonite. 


A straight line fitted to the points by the method of least squares gave for the 
unimolecular constant the expression 

k (sec. -1) = iol8-5 e 47*5 kcal./RT. 

It'is necessary to consider whether the high value of the frequency factor 
could be due to self-heating. The independence of rate and mass at the lower 
temperatures, with the identity of rate at different inert gas pressures, shows 
self-heating not to be significant. At the higher temperatures these tests fail 
as explosion then occurs with larger quantities and at higher gas pressures, but 
the absence of explosion with a few mg. of material at 10 cm. gas pressure gives 

1 Robertson, Trans . Faraday Soc. 1948, 44, 677. 
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some indication. It follows from the thermal explosion theories of Semenoff * 
and Frank-Kamenetsky 8 that when seif-heating becomes of the order RT 2 /E t 
where E is the activation energy of the reaction and T° K the temperature of 
the vessel, a stable decomposition is no longer possible and explosion ensues. 
In the glass bulbs the very thin layers of cyclonite could be decomposed at 312 0 C 
without explosion, the reaction rate being somewhat too great to determine with 
accuracy. The degree of self-heating at this temperature should therefore be 
less than RT 2 jE or 14 0 C. Self-heating should not therefore raise the tem¬ 
perature at 299° C by more than a few degrees. With these considerations 
the error in E in the above equation was estimated as 2000 cal./mole. 

Reaction Products. —Analyses were made of the gases evolved from cyclo¬ 
nite at 225 and 267° C, nitrogen being initially present at 6 cm. pressure to 
reduce vaporisation. The results expressed as moles of product from one mole 
of cyclonite are shown in Table I. A considerable solid residue was also obtained. 
Considerable quantities of formaldehyde and water were also noted. The 
composition of the products is slightly dependent on temperature. The pro¬ 
duction of formaldehyde and nitrous oxide suggests the primary step in the 
decomposition to be the transfer of an oxygen atom from an —NO, group to a 
neighbouring —CH 2 — group, possibly through a transient oxdiazol structure, 
. CH 2 . O . NO : N . CII 2 . The radical remaining after elimination of HCHO 
could give both nitrous and nitric oxide by direct elimination, or further oxida¬ 
tion of the other neighbouring methylene group to formaldehyde by the —NNO 
residue at the end of the chain could lead to the elimination of nitrogen. Further 

TABLE T.~ Decomposition Products of Cyclonite 


Temp. 

NO 

n 2 o 

N, 

H a 

CO 

CO* 

■ 

225° C 

o *54 

0*98 

j*i6 

0*09 

0*40 

0*48 

267° C 

o *75 

0*76 

1-03 

0*06 

0*29 

°*44 


steps of this kind could occur in the remaining residue accompanied by the 
formation of complex condensation products. 

Decomposition of Cyclotrimethylenetrinitramine in Dicyclohexyl 
Phthalate Solution.—To investigate further the origin of the very large fre¬ 
quency factor for cyclonite the decomposition in dilute solution was examined. 
Solutions containing 2 and 5 % of cyclonite in dicvclohexyl phthalate were 
prepared at 150° C and a 20 % solution at 190° C, the mixtures being subse¬ 
quently handled as a solid. Visual observation showed the complete solution 
of the cyclonite. About 1 min. was required for preparing the solutions, the 
extent of decomposition during this time being negligible. To prevent distilla¬ 
tion of the solvent during the decomposition experiments nitrogen was present, 
usually at 10 cm. pressure. 

The pressure-time curves for the 2 and 5 % solutions followed the unimoleo 
ular equation closely above 250° C apart from an initial complication due to 
the 10 sec. or so required for thermal equilibrium to be attained with the large 
quantity (about 30 mg.) of solvent present, and by a pressure rise due to vapor¬ 
isation of part of the solvent. In view of these effects any slight autocatalysis 
at the start of the decomposition would not have been detected in the higher 
temperature experiments. Below about 250° C some autocatalysis became 
observable from an initial linear portion of the pressure-time curve, the effect 
becoming more noticeable at lower temperatures until at 200° C the linear rela¬ 
tion persisted while the pressure of products rose to half its final value, the curve 
then following a first-order equation. In order to justify the derivation of rate 
constants from the pressure-time curves it was necessary to verify that their 
shape was not appreciably influenced by supersaturation of gaseous products 
in the solvent. The pressure-time curves were the same for 2 % and 5 % 
solutions at gas pressures from 10 to 40 cm. except at the highest temperatures 
(280-290° C) when the unimolecular constant was about 25 % greater at 40 cm. 
pressure than at 10 cm. pressure. An opposite effect would be expected if much 
supersaturation occurs ; the increased rate was considered to be due to increased 

\ 

2 Semenoff, Chemical Kinetics and Chain Reactions (Oxford, 1935), chap. 17. 

8 Frank-Kamenetsky, J. Physic. Chem . U.S.S.R. , 1939, 13, 738 ; Acta Physico - 
chim ., 1939 , io» 365* 
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self-heating arising from a less vigorous stirring and dispersive action of the 
bubbles of gaseous decomposition products at the higher inert gas pressures. 1 
These observations together with the vigorous bubbling observed and the absence 
of the deviations in the pressure-time curve to be expected to arise in case of 
supersaturation according to Pedersen 4 5 were taken as indicating this not to 
be occurring to a significant extent. Unimolecular constants were derived from 
those pressure-time curves which followed the unimolecular equation throughout 
with Guggenheim’s equation. 6 Where an initial linear portion of the curve 
was observed the slope of this with the final pressure rise gave the unimolecular 
constant for the initial decomposition before the accumulation of autocatalyst. 

The temperature variation of the decomposition rate in the ester is shown in 
Fig. 2. At the highest temperatures the unimolecular constants are rather 
less than is to be expected from the other results. The reaction may be suf¬ 
ficiently rapid (the half-lives being only a few seconds) to make the rate of dis¬ 
engagement of gas from the solvent an appreciable factor. These high tem¬ 
perature points were therefore disregarded in drawing the straight line shown, 
which gave for the decomposition rate of cyclonite in 5 % ester solution over 
the temperature range 201-280° C the expression 

k (sec." 1 ) = io 16<4# e“ 41 kca l-/ RI \ 

This expression also represented the decomposition rate in 2 % solution. The 
decomposition rate in solution is therefore less than that of the pure liquid, the 
difference increasing with temperature. 



Fig. 2. —Decomposition of cyclonite in dicyclohexyl phthalate. 


Decomposition in 20 °/ 0 Solution. —The diminution of the decomposition 
rate of cyclonite in dilute solution suggests that a chain reaction of very short 
length may be involved in the pure liquid-phase reaction, the development of 
'which is impeded by the presence of solvent. In this case more concentrated 
solutions of the explosive should decompose more rapidly than weaker solutions. 
The decomposition of a 20 % solution was therefore investigated at 273° C, 
this temperature being below that at which disengagement of gas may be an 
interfering factor, but sufficiently high for the difference between the decom¬ 
position rate of the pure explosive and the dilute solutions to be readily measur- 

4 Pedersen, J. Amer. Chern. Soc., 1927, 49, 2681. 

5 Guggenheim, Phil. Mag., 1926, 2, 538. 
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able (the rates differ by a factor of 3). The decomposition of the 20 % solution 
followed the unimolecular equation with k = 0*164 sec." 1 , which is some 30 % 
above the value for 2 and 5 % solutions at this temperature. An increase of 
this order is in agreement with theoretical expectations as mentioned later. 

Autocatalysis. —The formation of a relatively stable catalytic substance 
by the decomposition of cyclonite in the ester at the lower temperatures was 
demonstrated by using the liquid remaining from a 5 % solution decomposed 
at 224 0 C for 40 min. as the solvent for a new 5 % solution. The new initial 
rate for the decomposition at 224 0 C. was then nearly equal to the final catalysed 
rate for the first experiment, but autocatalysis was less marked in the second 
experiment. The thermal stability of the catalyst is clearly considerably greater 
than that of cyclonite. Further recrystallisation of the solvent had no effect 
on the extent of autocatalysis. 

Gaseous Products. —The products from the 5 % solution at 225 0 C are 
shown in Table II as moles of product from 1 mole of cyclonite. Nitrogen at 
6 cm. pressure was used to prevent distillation of the mixture from the hot 
bulb. The residual ester was brown and showed a m.p. depression of 4-7 0 C. 


TABLE II.— Decomposition Products of Cyclonite in Ester Solution 


NO 

N t O 

Na 

H 8 

CO 

CO* 

0-15 

1-13 

0-89 

i 

0-05 

0*16 

0*35 


The reaction in solution leads to more N a O and less NO and N* as compared 
with the pure liquid. This is consistent with the intermediate oxdiazol hypothesis 
already mentioned rather than a scheme involving the breaking of the C—NNO* 
bond as the first step, when the NNO* radicals in solution might be expected to 
rearrange to give two NO molecules. 

Decomposition of Cyclotrimethylenetrinitramine in Trinitrotoluene 
Solution. —1 % and 5 % solutions of cyclonite in T.N.T. were prepared 
at about 150° C. The T.N.T. was found to behave effectively as an inert 



Fig. 3.—Decomposition of cyclonite in T.N.T. 

solvent for the cyclonite up to the highest temperatures used (281° C). This 
observation is in conformity with earlier work of Farmer • and Hinshelwood, 7 
who studied the decomposition of tetryl in T.N.T. as a solvent at much lower 

• Farmer, J. Chetn. Soc., 1920, 117, 1603. 

7 Hinshelwood, ibid., 1921, 119, 721. 
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temperatures. The cyclonite decomposition was examined in the presence of 
nitrogen, usually at 10 cm. pressure up to 250° C, and at 20-40 cm. pressure 
up to 281° C, to prevent boiling of the T.N.T. (at 10 cm. T.N.T. boils at 267° C). 8 
Similar pressure-time curves were obtained with the 1 % and 5 % solutions and 
with inert gas pressures from 10 to 40 cm. The shape of the curves closely re¬ 
sembled those obtained in the ester solution ; the initial linear portion persisted 
for about half the decomposition at 200° C, and became less marked with in¬ 
creasing temperature, until above about 250° C no deviation from the unimolec- 
ular equation was detectable. After the cyclonite decomposition the pressure 
continued to increase slowly as the T.N.T. underwent its usual autocatalytic 
decomposition. 8 The change in the pressure-time curves from the cyclonite 
to the T.N.T. decomposition was sufficiently well defined to enable the pressure 
change due to the cyclonite decomposition to be determined to within 5-10 %. 
The initial reaction rate constant was determined as before. The temperature 
variation of k over the range 194*5-281° C is shown in Fig. 3 and is given by the 
expression 

k (sec.” 1 ) to 16,65 e~^ .5 kcal./R2’^ 

The decomposition rate of cyclonite in T.N.T. solution is again less than that of 
the pure liquid to an extent dependent on temperature, and in the temperature 
range examined it is slightly less than that in the ester solution. 

Gaseous Products. —Analyses were carried out with 5 % solutions at 220° O 
with 16 cm. nitrogen initially present and at 264° C with 20 cm. nitrogen. The 
results are given in Table III as moles of product from 1 mole of cyclonite. 


TABLE III.— Decomposition Products of Cyclonite in T.N.T. Solution 


Temp. 

NO 

N a 0 

N, | 

h 2 

CO 

CO. 

220° c. 

0*70 

0*63 

DO5 

0*20 

: 

o*57 

0-83 

264° C. 

1*02 

o*47 

x-33 

0*30 

0*32 

0*85 


The variation with temperature of the relative quantities of the various products 
is very similar to that observed with cyclonite alone (Table I). At both tem¬ 
peratures rather more nitrogen and carbon appears in the gas phase as the 
products mentioned from the decomposition in T.N.T, There is probably 
some slight decomposition of the T.N.T. induced by the cyclonite. At 225° C 
the residual T.N.T. had a light brown colour and its m.p. had been depressed 
i“i° C. At 264° C more interaction occurred as the residual T.N.T. had a dark 
red colour and drops of a red liquid could also be seen. 

Decomposition of Cyclotetramethylenetetranitramine. —The decom¬ 
position was examined in glass bulbs with 5 cm. air or hydrogen present to 
prevent vaporisation and distillation of the explosive, and in the copper ovens 

apparatus 1 with air present at 
atmospheric pressure. Jn vacuo , 
the substance readily vaporised 
and condensed on the cooler 
parts of the apparatus without 
undergoing appreciable decom¬ 
position. Above 280° C the 
explosive melted rapidly, the 
liquid decomposition following 
the unimolecular equation. In 
experiments at 271, 273 and 
276° C a time of 20-50 sec. 
elapsed before complete lique¬ 
faction during which an acceler¬ 
ative reaction much slower than 
Fig. 4.—Decomposition of cyclotctramcthvlene- the ensuing first-order reaction 
tetranitramine. was observed. It seems possible 

... , that some preliminary decom- 

position occurs lowering the melting-point. The half-life for the liquid phase 
decomposition was 16 sec. at 271° C and 0-45 sec. at 314° C. The temperature 
variation of the unimolecular constant * is shown in Fig. 4 and was represented 
by the expression 

k (sec.- 1 ) = io 1# - 7 e‘ 52 - 7 kcal./»T 
8 Robertson, Trans. Faraday Soc. (in press). 




A. J. B. ROBERTSON 91 

The frequency factor is even greater than that for cyclonite. No effect of mass 
was observed on varying the quantity used from 1-7 mg. A non-explosive 
decomposition was obtained with 2’3 mg. at 337 0 C, the rate being too rapid 
to determine accurately. The error in E in the equation above was estimated 
as 2,000 cal./mole. 

Addition of 24 % of cyclotetramethylenetetranitramine to cyclonite made 
no difference to the decomposition rate of the latter in the temperature range 
24i-25i°C, the mixture decomposing as one substance at the normal rate for 
cyclonite. 

Reaction Products. —From the liquid explosive decomposed at 280° c. 
for 2 min. the products shown in Table IV were obtained (moles per mole 
explosive). 


TABLE IV.—Decomposition Products of 
Cyclotetramkthylenetetranitramine 


n 2 o 

N* 

CO 

1 * 5 * 1 

1-16 

o *57 


NO 


o *05 


C 0 4 


0.64 


Formaldehyde and water were also formed. The products are similar to those 
from cyclonite, and a similar decomposition mechanism may be postulated. 


Discussion 

Both the cyclic nitroamines examined undergo a liquid-phase de¬ 
composition which proceeds in accordance with the unimolecular equation, 
and in the case of cyclonite the independence of decomposition rate with 
concentration in the 1-5 % range shows the true unimolecular character 
of the reaction. For both explosives the decomposition rate can be 
expressed by an Arrhenius equation Ae~ K l RT with an extremely large value 
for the frequency factor. In the case of cyclonite, however, a significant 
diminution in the frequency factor towards the normal value is observed 
for the decomposition in dilute solution in two solvents of different chemical 
type. At the melting point of cyclonite the decomposition rate of the 
pure liquid is only slightly greater than that of the dilute solutions, but 
as the temperature is raised the difference between the two becomes 
steadily greater. At a temperature where the difference is consider¬ 
able there is cdso a significantly faster rate of decomposition of cyclo¬ 
nite in 20 % solution in dicyclohexyl phthalate as compared with 
5 % solution. 

The kinetic expressions for the decomposition of cyclonite in T.N.T. 
and the ester could be subject to experimental errors arising from auto¬ 
catalysis and self-heating. Autocatalysis in solution is less marked at 
the higher temperatures used and is not detectable above 250° C for ex¬ 
perimental reasons. Since in deriving the Arrhenius equations initial 
rates not influenced by autocatalysis were determined at the lower tem¬ 
peratures, and unimolecular constants possibly slightly increased by 
autocatalysis at the higher temperatures, any errors in the temperature 
coefficient from this cause would increase both A and E above the true 
values for the intrinsic decomposition : making the most unfavourable 
assumptions a possible error from autocatalysis of 2,000 cal./mole in E 
was estimated, corresponding to a variation in A of about 10 times. 
Any errors due to self-heating also tend to increase both A and E since 
the effect is more marked at higher temperatures. It may be noted 
from theoretical considerations that self-heating is not necessarily dimin¬ 
ished by dilution of the explosive with inert material. * For infinite slabs, 
spheres and cylinders of liquid in which an exothermic reaction is taking 
place with a heat of reaction q per unit volume, the amount by which the 
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temperature in the centre of the material exceeds that of the bound¬ 
aries (T° K) increases with increase of a non-dimensional parameter * 
d*(q/K ) Ae~ E l RT . E/JRT * where d measures the size of the material (it 
is half the thickness of the slab or the radius of the cylinder or sphere) 
and A is a quantity defined in the same way as thermal conductivity, 
but which may be numerically increased to allow for forced convection. 
For a sphere, dilution of the explosive to n times its original volume 
diminishes q by n times (for the same reaction rate) and increases d % by 
n*l 9 times, so that if K remains the same self-heating is diminished. For 
a cylinder, q is diminished n times and d 2 increased n times, so for constant 
K self-heating is unchanged. For an infinite slab self-heating is increased 
by dilution. Actually it is probable that K is decreased by dilution on 
account of the less vigorous stirring by the bubbles of gaseous products, 
and self-heating of a thin-layer of explosive at the bottom of the bulb may 
well be increased by dilution. The independence of rate with concentra¬ 
tion variations of 1-5 % does not necessarily indicate absence of self¬ 
heating, and it is therefore important to make observations at different 
gas pressures. 

Taking these points into consideration it was concluded that the values 
of E for the reaction in solution were probably not in error by more than 
2,000 cal./mole and the most likely errors would increase both A and E. 
The different kinetic expressions for the decomposition of cyclonite in 
dilute solution and in the condensed liquid phase were considered to have 
a sufficiently sound experimental basis to justify theoretical discussion. 

The increased decomposition rate of pure liquid cyclonite as compared 
with the solutions suggests that short chain reactions are involved in the 
pure liquid. If the probability of one decomposing molecule directly in¬ 
ducing the decomposition of a neighbouring molecule is p, each act of 
primary activation leads to the decomposition of (1 — p )- 1 molecules. 
As the explosive molecules are separated by inert solvent the chain de¬ 
velopment is increasingly inhibited. If the assumption is made that 
the true decomposition rate of cyclonite uncomplicated by chain re¬ 
actions is given by the experiments in dilute dicyclohexyl phthalate solu¬ 
tion, p can be evaluated. Thus at 205° C, k for pure cyclonite is 0 00076 
sec.” 1 compared with 0*00058 for the solution, whence 0*00076/0*00058 = 
(x — p) - 1 and p = 0*236. At 273 0 C the values of k are 0*37 and 0*125, 
whence p is 0*662. Thus in a range of temperature so great that the 
decomposition rate of cyclonite varies by 640 times, a variation of p by 
less than 3 times suffices to increase the Arrhenius frequency factor by 
some 1000 times. 

The simplest way of estimating the chain length in solution is to multi¬ 
ply p by the molar fraction M of cyclonite present in solution, each act 
of activation leading to the decomposition of (1 — Mp )- 1 molecules. 
For 20 % solutions of cyclonite in the ester at 273 0 C, M = 0-27 and 
p = 0*662, whence the chain length becomes 1*22. The decomposition rate 
should exceed the limiting rate in very dilute solution by 22 %. By 
experiment, the rate was 30 % greater. The agreement seems reasonable 
considering the very simple nature of the calculation. These arguments 
would also predict the rate in 5 % solution to exceed that in 2 % solution 
by 3 %• This difference, however, would lie within the experimental 
error. 

It follows from these views that the entropy of activation used in the 
activated complex theory is not extremely large for the cyclonite decom¬ 
position. This is in conformity with the views already expressed con¬ 
cerning the primary decomposition step, which does not involve any 
great disorganisation of the molecule. The transfer of an oxygen atom 
from a nitro group to a neighbouring methylene group can occur in six 
distinct ways, which might suffice to increase the frequency factor to six 
times the normal value : the experimental value for the dilute solutions 
can therefore be regarded as showing little anomaly. 
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KINETIC STUDIES IN THE CHEMISTRY OF 
RUBBER AND RELATED MATERIALS 

VII. THE MECHANISM OF CHAIN PROPAGATION IN 
THE OXIDATION OF POLYISOPRENES 


By J. L. Bolland and P. ten Have 
Received 24 th May, 1948 

A kinetic investigation has been made of the interaction of the hexa-isoprene, 
squalene, with oxygen in presence of benzoyl peroxide, both in absence and 
presence of hydroquinone. The mechanism by which oxidation chains are 
propagated and terminated in these systems is identified and shown to be 
formally analogous to that already determined for the oxidation of mono-olefins 
and 1 : 4-dicnes. The identity of the chain propagation reactions in the oxida¬ 
tion of polyisoprenes is discussed : the diperoxide type of primary oxidation 
product obtained with this class of olefin required the occurrence of a four-stage 
chain propagation cycle. 


Recent work has established that the major primary autoxidation 
product of the hexa-isoprene, 1 squalene 

H (CHC(CH 3 ) - CH—CH 2 ) 3 (CHCH = C(CH a )—CH 2 ) 8 H, 

and of the di-isoprene, 2 2 : 6-dimethyl-octadiene-2 : 6, is in both cases 
a diperoxide in contrast to the mono-hydroperoxidic products formed by 
the autoxidation of mono-olefins and 1 : 4-dienes (e.g. 3 * 4 * 6 ). It should 
be emphasised that this diperoxide is formed even in the initial stages of 
autoxidation and is, therefore, to be regarded as formed in the propagation 
steps of the oxidation chains and not as a result of secondary reactions 
of a mono-hydroperoxidic primary product. In this paper we choose for 
kinetic study two oxidation systems involving squalene which give the 
most direct means of comparing the chain-propagation mechanism for 
the polyisoprene with those of the other (mono- and 1 : 4-di-) olefins 
already examined. 6 * 7 * 8 * • The first selected system is the benzoyl per¬ 
oxide initiated oxidation of squalene, the second the same system in 
presence of certain phenolic antioxidants. 

* Seconded by The Netherlands Indies Government to the B.R.P.R.A. 

1 Bolland and Hughes, J. Chem. Soc. (in press). 

8 Bolland and Hughes, unpublished work. 

3 Farmer and Sundralingam, J. Chem. Soc., 1942, 121. 

4 Farmer and Sutton, ibid., 1943, XI 9- 

6 Bolland and Koch, ibid., 1945, 445. 

• Bolland, Proc. Roy. Soc. A, 1946, 186, 218. * 

7 Bolland and Gee, Trans. Faraday Soc., 1946, 42 , 236. 

* Bolland, Trans. Faraday Soc., 1948, 43, 669. 

• Bolland and ten Have, ibid., 1947, 43, 201. 
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OXIDATION OF POLYISOPRENES 

Experimental 

The experimental technique of oxidation rate measurement was that already 
described. 6 * • Squalene was obtained from basking shark liver oil. After 
removal of saponifiable components, the oil was subjected to successive frac¬ 
tional molecular distillations in a still of the falling-film type. 10 The squalene 
(2 % solution in 40-bo 0 petrol ether) was finally purified by passage through a 
20 cm. alumina chromatographic column. The saturated hydrocarbon, used 
when required as diluent, was a normal paraffin mixture of setting point 38*9° C 
supplied by the Burma Oil Company. 

2 : 6-dimethyl-octadiene-2 : 0, prepared by the reduction of purified geraniol 
with sodium in liquid ammonia, was kindly supplied by Dr. K. F. Naylor. 

I. Benzoyl Peroxide Initiated Oxidations 

(a) Scalene.—T he manner in which the rate of oxidation of squalene 
depends on the concentration of benzoyl peroxide [Bz 2 0 2 ], oxygen pressure p 
and squalene concentration [RH] is illustrated by Fig. 1 and 2 and Table I 



Fig. 1.—Influence of benzoyl peroxide concentration on rate of oxidation at 
45 0 C and 100 mm Ilg. oxygen pressure, (a) Squalene ; (b) 2 : 6-Dimethyl- 

octadiene-2 : 6. 



Fig. 2.—Influence of oxygen pressure on rate of oxidation (i?„) of squalene 
at 45 0 C ([Bz 2 O a ] = 0*0510 moles/ 1 .) and 65° C ([Bz 2 O t ] — 0*0372 moles/L). 
Roo represents the rate of oxidation at infinite oxygen pressure. 

10 Farmer and Sutton, J. Soc. Chem. Ind., 1946, 65, 164, 
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respectively. From the effect of these various parameters when varied individu¬ 
ally the oxidation rate equation in the temperature range 45-65° C approximates 
closely to the form : 

Rate = c [Bz t OJ»[RH] + f([RH], p) . . (i) 

where c and A are constants and p is the oxygen pressure. The function f([RH], p), 
(i.e. C [Bz 2 0 2 ] etc.) attributable to the occurrence of oxidation chains not initiated 


TABLE I.— Influence of [KH] on Rate of Oxidation at 45° C 


p 

(inm. Hg) 

[BX.OJ [RH] 

Moles/1. 

Rate ! 

(moles/1./min.) 

X I0 4 . 

Rate /[RH] * 
(min.- 1 ). 

X 10* 

(a) Squalene' 





100 

0*0682 

12*6 

4*45 

3*60 



4*92 

1*08 

3*42 



2*05 

0*70 

3*41 


1 

1*00 

o*33 1 

3*30 

(b) 2 : 6-I>iinothyl-octadiene-2 : 

6 



100 

0*0642 

! T !*2 

j*c M 

I 1*73 



5*00 

o*93 

1*67 



3*10 

0*52 

1*68 



1*08 

0*27 

1*62 



0*98 | 

°*i7o 

T ‘73 


by benzoyl peroxide, is of importance only at low [Bz 2 0 2 ]. The values of c and A 
required to define eqn. ( 1 ) at several temperatures are collected in Table II. 
The present data are incomplete in one minor respect : the dependence of A on 
[RITJ has not been determined. 

(6) 2 : 6-Dimethyl-octa- TABLE II 

dienk- 2 : <>.—A parallel investi¬ 
gation of the oxidation kinetics 
of this di-isoprene led to pre¬ 
cisely the same form of rate 
equation as ( 1 ). For example, 
the dependence of rate on 
[Bz a O g ] and [KH] is included 
in Fig. 1 and Table I re¬ 
spectively. Experimental de¬ 
terminations of c and A are 
included in Table II. 

The overall energies of acti¬ 
vation (E e ) for the oxidation of 
these two hydrocarbons, based 
on the temperature coefficient 
of c , are 23*5 and 24*0 kcal./mole 
respectively. The temperature 
coefficient of A corresponds to 
an energy term (Ex) of 12 keal./ 
mole in the case of squalene. 

Owing to the volatility of 2 : 6-dimethyl-octadiene-2 : 0, the limiting oxygen 
pressure below which reliable rate measurements could be made was too high for 
precise values of A to be obtained. No attempt has therefore been made to 
measure the temperature coefficient in this case, and indeed the one figure quoted 
(at 45° C) may be subject to ca. 30 % error. 

Comparison with Kinetics for other Olefins.— (a) Form of Rate 
Equation. —Comparison of the rate equation ( 1 ) with those obtained for the 
benzoyl peroxide initiated oxidation of three such dissimilar olefins as ethyl 
linoleate, 8 methyl oleate 11 and tetralin la reveals at once that the kinetic 


Temp. 

(°C) 

c 

(moles/1.)-£ min.-* 
(X IO 4 ) 

A 

mm. Hg 

(a) Undiluted squalene 


35 

0*44 

3-8 

45 

1*47 

9*6 

55 

4*35 

— 

65 

13*0 

30 

(b) Undiluted 

2 : O-dimethyl-octadiene-2 : 6 

35 

0*21 

— 

45 

0*7 8 

6 

55 

2*35 

— 

65 

6*9 

— 


* [RH] is expressed in moles isoprene residues/l. 

11 Bolland, Part VIII of present series. 
lla Bolland, Part XI of present series. 

12 Bateman and Gee, Proc . Roy. Soc. A (in press). 
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characteristics are the 

same in all cases. The oxidation of the two 

p°iy _ 

soprenes must therefore conform to a formal mechanism of the type : 

Initiation 

Bz a O a X or Y 

s, 

(Ri) 

Propagation 

X -f O t -> Y 

k % 

(R2) 

Y -j- RII -» peroxide -f X 

k a 

(R3) 

Termination 

X + X 1 

*4 

(R4) 


X + Yw stable products 

k b 

(R5) 


Y + Yj 

k. 

(R6) 


X and Y represent two chain carriers, represents the rate of production of 
fresh chain carriers and k a -k e the velocity coefficients of the reactions (R2)-(R6). 
In the case of the other three olefins mentioned, X and Y are, of course, identified 
with R— and RO a — (where R represents an olefin with one a-methylenic hydrogen 
removed) and the peroxidic product completed in reaction (R3) is an a-methylenic 
hydroperoxide. 

(b) Values of Velocity Coefficients of Propagation Steps. —The 
absence of compelling evidence as to the identity of the chain carriers in the 
present instance (in contrast to the case of ethyl linoleate 6 ) renders important 
a quantitative comparison of the efficiencies of the elementary reactions (R2) 
and (R3) with those concerned in the oxidation of other olefins. The composite 
constant k 3 k 6 ~l may be determined from the experimental constant, c, included 
in the rate equation (1), since 

c = a i A,i[RH]* 3 A,-i.(2) 

where k 7 is the unimolecular velocity coefficient of the thermal decomposition 
of benzoyl peroxide, and a is the number of chains started by the decomposition 
of each benzoyl peroxide molecule. While the absolute value of k 3 k 9 ~\ may be 
in some doubt owing to uncertainty as to the value of a, reliable comparisons 
of k 3 k t ~\ may be made in this way for different olefins (always provided their 
oxidation chain mechanism follows the pattern R2-R6). Expressing [RH] 
in terms of moles isoprene residues/l. (six per molecule of squalene) and taking 
k 1 at 45 0 C as 3 X io -6 min. -1 , k z k 3 ~l at this temperature is calculated as 0*0268 
for squalene and 0*0138 (mole/l. min.)-* for 2 : 6-dimethyl-octadiene-2 : 6. A 
mono-olefin in which the degree of substitution at the double bond reproduces 
that observed in the polyisoprenes—4-methyl-heptene-3, 


CH 3 —CH a —CH = CH (CH 3 )—CH a —CH CH 3 

—was found 11 to have a value of 0*0210 (mole/l. min.)~* at 45 0 C. By 

application of the rotating sector technique to the photo-oxidation of olefins, 
Bateman and Gee 12 have shown that the absolute values of k % for such diverse 
types of olefin as a 1 : 4-diene (ethyl linoleate) two mono-olefins (cyclohexene 
and methyl cyclohexene) and a di-isoprene (2 : 6-dimethyl-octadiene-2 : 6) are 
within experimental error identical. The efficiencies of reaction (R3) in the 
oxidation chain propagation of the two polyisoprenes and 4-methyl-heptene-3 
must accordingly be very similar. 

It is not possible to separate and evaluate the other propagation velocity 
constant, k t . The constant which defines the dependence of rate of oxidation 
on oxygen pressure is given, on the basis of the reaction mechanism R2-R6, by 

A= fefr:)* x[RH] . (3) 

In conjunction with the value of k 3 k t ~\ and the solubility of oxygen (i*o x io~ 4 
mole/l./mm Hg) 12 ", this equation yields a figure for k t k a ~\. This is 3*5 X io 8 
(moles/l. min.)“* at 45 0 C for squalene. The corresponding data for a tri- 
substituted olefin like 4-methyl-heptene-3 is not available but k t k^\ values 
determined 120 for several dissimilar olefins—including mono-olefins, 1 : 4-dienes, 
and substituted aromatic hydrocarbons—are sufficiently concordant to show 
that this quantity is insensitive to olefinic structure and has a mean value of 
ca. 5 X io 8 (moles/ 1 , min.)"* at 45^ C. While there is, at present, no direct 
experimental evidence on the point, it is safe to assume that k 4 remains sensibly 
constant for the various types of olefin mentioned, and therefore so also does 
the efficiency (£ t ) of the interaction of the various R-radicals with oxygen. 

There is thus convincing evidence that the three reaction constants k % , k a 


12a Bolland, Part IX of present series. 
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and k t are each in close accord for the polyisoprenes and the most similar type 
of mono-olefin. The argument that the chain carriers concerned in the oxidation 
of squalene and 2 : 6-dimethyl-octadiene-2 : 6 are (as for the mono-olefin) of 
the R— and RO t — types is therefore undoubtedly strong. 

II. Benzoyl Peroxide Initiated Oxidation of Squalene in 
Presence of Phenolic Inhibitors 

(a) Hydroquinone. —A somewhat detailed examination of the kinetic char¬ 
acteristics of the oxidation of squalene, initiated by benzoyl peroxide, in presence 
of hydroquinone has been carried out in a similar manner to an earlier study 
of the corresponding ethyl linoleate system.* Measurements of the initial rate 
of oxidation {R a )o under a series of systematically varied conditions of benzoyl 
peroxide [Bz 8 O a ] 0 , hydroquinone [Hq] 0 and squalene [RH] 0 concentrations, 
oxygen pressure and temperature are recorded in Table III. These data may 

TABLE III 


[HqJ 0 [BzjOjI, [RH ] 0 

mole per litre 

P 

(nun) 

Temp. 

<°c) 

(Ra) 0 

Ru K 

mole /I. /min. 

v 

(min.) 

njot 

X io 4 

X IO a 


X io 4 

X io 4 


(a) Variation of 

[Hql„ 








0-458 

7-68 

12-6 

1 IOO 

45 

0-487 

5-62 

0-089 

25 

2*5 

°’ 7«3 

7-29 

12-6 

100 

45 

0-309 

5*50 

o-ioo 

44 

2-4 

0-783 

7-71 

12-6 

IOO 

45 

0-305 

5 ,( M 

0-095 

40 

2-3 

1-85 

7-06 

12-6 

IOO 

45 

0-121 

5 MO 

; 0-097 

85 

2*0 

i-88 

8-oq 

12*6 

IOO 

45 

1 0 -I 50 

5*77 

o-iob 

80 

2*1 

3*77 

8-55 

I 2-6 

IOO 

45 

0-074 

5*90 

o-ioo 

— 

— 


(b) Variation of [Bz s O s ] 0 


0-937 

o-86 

12*6 

IOO 

45 

1*45 

2-38 

I 2*0 

IOO 

45 

i *57 

io-7 

12-6 

IOO 

45 

(c) Variation of [RH] 0 



0*95 

7*20 

4-80 

1 IO ° 1 

45 

o-8o 

8*05 

2-65 

1 100 1 

45 

(d) Variation of oyxgen pressure 


1-65 

7*52 

12*6 

11 

1 45 

o-8o 

7*5 2 

12-6 

15 

! 45 


0-042 

2-22 

o-ioi 

— 

— 

0-066 

3*35 

o-io8 

160 

i *7 

0-237 

6-56 ! 

0-107 

53 

2-2 


0-090 

2-07 

0-095 

— 

— 

o-o6i 

T * 20 

0-090 

— 

— 


0-108 

53 « 

o-o8o 

90 

2'4 

0-218 

538 

0-077 

40 

2'3 


(e) Variation of temperature 


3*57 

7-14 

12-6 

100 

52 

0-240 

II-7 

0-078 

65 

2-2 

3*53 

8-29 

12*6 

IOO 

52 

0-292 

12*5 

0-082 

60 

2*3 

0*353 

6*22 

12-6 

IOO 

38 

0-151 

2-38 

0-119 

70 

2-7 

0-525 

6*22 

12*6 

IOO 

38 

0-105 

2-38 

0-123 




be used to make four points of comparison between the effects of hydroquinone 
on the oxidation of squalene and ethyl linoleate respectively. 

(i) Form of Rate Equation. —In presence of benzoyl peroxide and hydro¬ 
quinone the rate of oxidation of ethyl linoleate conforms to the rate equation 

(if J„ = const. • • . . (4) 

= KX [RHMHq],.( 5 ) 

where R t represents the rate of chain initiation (in presence of appreciable 
amounts of benzoyl peroxide, k 7 [Bz t Og]) and R u the corresponding rate of oxida¬ 
tion in absence of hydroquinone : K is a constant. Application of this relation 

4 
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to the data in Table III gives the values of K recorded therein. Apart from a 
slight dependence of K on oxygen pressure (which will, for the moment, be 
neglected) eqn. (5) accords well with the experimental facts. The mechanism 
of inhibition is thus formally analogous to that found for ethyl linoleate. The 
main chain-termination step may, therefore, be identified as interaction between 
a hydroquinone molecule and a chain carrier of the peroxide-radical type (Y 
in the formal scheme R1-R6), the propagation reactions remaining unchanged 
Y Hq -> stable products k 9 (Rq) 


(ii) Efficiency of Termination Reaction, k 9 .—By application of station¬ 
ary state methods to the reaction scheme (R1-R3, Rq) the constant K may be 
evaluated in terms of the individual velocity coefficients : 


K=kjk s k .( 0 ) 

In comparing the values of K obtained for ethyl linoleate and squalene, the olefin 
concentrations are best expressed in terms of moles reactive groups/l. (assuming 
the number in the ethyl linoleate and squalene molecules to be one and six 
respectively). The values of K at 45 0 C are then o*ioo for squalene and (using 
the rates of uninhibited oxidation given ref. 8 ) 0*032 (mole/1, min.) for ethyl 
linoleate. Utilising the known figures for •— 0*0268 for squalene (cf. 

above) and 0*162 (mole/1. min.)~i for ethyl linoleate—it is possible to estimate 
from (0) the quantity k 9 k 9 ~i. For squalene at 45 0 C then, k 9 k 9 ~k is 373 compared 
with 194 (moles/ 1 . min.)~t for ethyl linoleate. Recalling Bateman and Gee’s 
demonstration 12 that k t is very similar for ethyl linoleate and the di-isoprene 
2 : 6-dimethyl-octadienc-2 : 6, the reactivity towards hydroquinone—and pre¬ 
sumably therefore the essential chemical nature—of the peroxide radical chain 
carriers in the oxidation of ethyl linoleate and squalene are similar. 

(iii) Activation Energies.—A further—though much less sensitive—test 
of the quantitative correspondence between the oxidation of ethyl linoleate and 
squalene in presence of hydroquinone lies in the overall energy of activation 
(E a ). Since 


(^o)o “ Ri 


A 3 [RH]. 


f A,[HqJ ' 
E a ~ -f- E 9 E 9 . 


(?) 


where E ( , E 3 and E 9 are the activation energies of the initiation process and the 
reactions (R3) and (Rq) respectively. The experimental values of E a are 38 
and 42 kcal./mole respectively for ethyl linoleate and squalene. From the overall 
energies of activation of the uninhibited benzoyl peroxide initiated oxidation 
of these two olefins (cf. ref. 8 and above) 


(F 3 )aquaiene — (F 3 )iinoieate = 3 *o kcal./mole. Applying eqn. (7), 
(■£#)BQualene (E fl )ii n oleate 5=5 — I'O kcal./mole. 


This energy difference must be regarded as not significant in view of the large 
activation energies on which its derivation is based. 

(iv) Removal of Inhibitor. —In the case of the oxidation of ethyl linoleate 
in presence of hydroquinone,* the latter was apparently removed from the system 
as a result of participation in reaction (R9). A method was described for estim¬ 
ating the ratio n /a (where n is the number of oxidation chains terminated by 
one hydroquinone molecule and a is the number of chains initiated by the de¬ 
composition of one benzoyl peroxide molecule). Application of this method to 
the present set of data gave the values of n /a included in Table III. From their 
constancy over a wide range of experimental conditions, it follows that here 
also the major proportion of the hydroquinone is destroyed in the course of the 
termination reaction. The mean value of w/a is ca. 2*3, in excellent agreement 
with the figure (2*1) obtained from the earlier data on ethyl linoleate. 

(b) Other Phenolic Inhibitors. —The chain-terminating efficiencies of seven 
other phenolic compounds have been determined by measurements of the type 
reported above for hydroquinone. A systematic study of the influence of the 
various concentration variables was not attempted. There was, however, every 
indication that in each case the initial rate of oxidation was inversely propor¬ 
tional to the concentration of antioxidant [AH] 0 . The several values of K so 
obtained are collected in Table IV. 

The increase in antioxidant efficiency with decreasing oxidation-reduction 
potential observed for the members of both types of phenolic compound parallels 
their inhibitory effect on the oxidation of ethyl linoleate. 18 It is, however, 
noteworthy that the phenols are, on the average, some eight times more effective 


18 Bolland and ten Have, Faraday Soc. Discussions, 1947, 2 5 2 * 



J. L. BOLLAND AND P. TEN HAVE 99 

in terminating oxidation chains in squalene than in ethyl linoleate, while the 
corresponding ratio in the case of the hydroquinone is no more than two. The ex¬ 
planation of this disparity is not apparent from these preliminary measurements. 

The influence of oxidation-reduction potential on inhibitor efficiency taken 
together with the measurements on the rate of removal of hydroquinone from 
the oxidising system (Table III) serves to emphasise that the terminating re¬ 
actions operative in the two olefins are chemically very similar. 


Discussion 


The complete identification of the main oxidation products of squalene 
and dihydromyreene by standard organic chemical methods presents 
very real difficulties. 14 The application of certain analytical methods to 
determine the number and type of the oxygen-containing chemical 
groupings in the oxidised hydrocarbons and their fully hydrogenated 
derivatives can, however, establish all but the finer structural details 
of the primary oxidation product. Thus it is found 2 that in each 
oxidised polyisoprene molecule (a) four atoms of oxygen are present, 
(b) two of which form a hydroperoxide and ( c) two a cyclic peroxide group¬ 
ing, while (d) two oxygen atoms, one from each grouping, are attached 
to adjacent carbon atoms in the polyisoprene chain. 

The kinetic investigations outlined in the previous two sections prove 
that the oxidation mechanism for polyisoprenes conform to the same 
formal pattern (R1-R6) as that for the various olefins and unsaturated 
esters which form a-mono-hydroperoxides as primary oxidation products. 
Moreover, the very similar rates found for the respective elementary 
reactions involved in the oxidation of squalene and comparable mono¬ 
olefins implies that the chain carriers concerned in the oxidation of these 
two types of olefins are chemically very similar. 

These conclusions as to the chemical nature of the primary product 
and the chain carriers on the one hand, and the form of the elementary 
reactions by which it is formed on the other are most satisfactorily 
reconciled by ascribing to the diperoxide the structure : 

O OH 


—C H 8 —C (CH 3 ) — CH—Cl I—CH a —C (C H 3 ) —CH—CH a - 


\ 


(I) 


O- 


-o 


This formulation obviously embodies each of the four conclusions drawn 
from analytical investigation. The reasons for preferring this particular 
structure to others which also fulfil these same analytical requirements are 
detailed elsewhere. 1 The diperoxide is visualised as being formed by the 
following four-stage chain propagation cycle— 


—Cl IC(CH 3) = CH—CHCHC (CH,) = CH—CH ,— 

j -fK'O,— 

—CH,—C(CH,) = CH—CH—CHC(CH,)=CH—CH,- 

(Pi) 

| + o 8 

(P2) 

—CH,—C(CH,) = CH—CH—CH,—C(CH,) = CH—CH,— 


f ! 

(P3) 

—CH,-C(CH.) - CH-CH—C.H,—i(CH,)-CH-CH,— 

N o - </ 


l + 0 - i. 

(P4) 


—CH jr-C (CH 8 ) - CH—CH—Cl 1 8 —C (CH 8 )_CH—CH 

\ / 
o-o 
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This last peroxide radical then abstracts an a-methylenic hydrogen from 
another isoprene residue to complete the diperoxide structure (I) and 
reproduce the first step (Pi) in the cycle. 

The four-stage propagation cycle (P1-P4) will lead to kinetics in¬ 
distinguishable from the two-stage propagation cycle : 

R— + 0 2 -v RO a — 

RO — + RH RO,H + R— 

appropriate to the oxidation of olefins giving mono-hydropcroxidic pro¬ 
ducts only if the mframolecular process (P3) is much more efficient than 
the alternative intern lolecular reaction involving the transfer of an 
a-methylenic hydrogen from another olefin molecule (analogous to step 
(Pi))—or indeed from the neighbouring a-methylene groups in the same 
molecule. One factor which may determine which reaction will pre¬ 
ponderate is the exothermicity of the competing processes. 15 In olefins 
containing more than one double bond, however, the relative positioning 
between unsaturated centres may be critical in so far as the possible forma¬ 
tion of intramolecular cyclic products is concerned. The 1 : 5-diene struc¬ 
ture found in polyisoprenes * would appear to be the most favourable 
in this respect since reaction (P3) leads to formation of a six-membered 
ring. The formation of six- and five-membered cyclic products appears 
to be common in polyisoprenic systems : thus they appear as major 
products in the thermal depolymerisation of rubber 17 (i.e. dipentene) and 
its interaction with H 2 S 18 and sulphur. 19 In each case the most plausible 
mechanisms conform to the pattern suggested in the present instance : 
attack by the reagent at one unsaturated centre is followed by intra¬ 
molecular reaction of the product so formed with the neighbouring un¬ 
saturated centre. It is not safe to conclude that the occurrence of the 
second intramolecular step is dictated entirely by the favourable steric 
conditions, until the role of the hyperconjugation effects suggested by 
Bateman and Jeffrey 20 has been more completely determined. 

This work forms part of the programme of fundamental research on 
rubber undertaken by the Board of the British Rubber Producers' Research 
Association. 

The British Rubber Producers’ Research Association, 

48* 50, 52 Tewin Road, 

Welwyn Garden City , 

Herts. 

* It is unlikely that methyl substitution at the double bond will have much 
influence in determining the predominant mode of reaction since it is known to 
increase somewhat the reactivity of the unsaturated centre towards radicals 
attacking at both the a-methylenc position 11 and the double bond. 1 * 

16 Bolland and Gee, Trans. Faraday Soc., 1946, 42, 244. 

18 Nozaki, /. Polymer Sci., 1946, 1, 455. 

17 Bolland and Orr, Trans. Inst. Rubber Ind., 1946, 21, 133. 

18 Naylor, J. Polymer Sci., 1946, 1, 305. 

19 Farmer and Shipley, ibid., 194b, 1, 293. 

20 Bateman, Trans. Faraday Soc., 1942, 38, 367 ; Bateman and Jeffrey, 
Nature, I 943 > * 5 3 » 44 ^ 1 Bateman and Jeffrey, J . Chem. Soc., 1945, 211 ; Jeffrey, 
Proc. Rov. Soc. A, 1943, 183, 388. 



STATISTICAL THERMODYNAMICS OF MIXTURES 
OF NORMAL PARAFFINS 


By H. Tompa 
Received 28 th May, 1948 

Guggenheim's treatment of the statistical thermodynamics of mixtures is 
extended to the case of mixtures of molecules of different lengths, where all 
molecules are built up of identical end segments and identical middle segments. 
The resulting formulae are applied to Bronsted and Koefoed’s measurements 
on mixtures of normal paraffins. 


1. Introduction 

Bronsted and Koefoed 1 have published the results of an investigation 
in which they measured the vapour pressure of the volatile component 
in three binary systems of normal paraffin hydrocarbons ; they found 
that in each case their experimental results were given with very great 
accuracy by expressions of the form log y, = — ANf, where y x is the 
activity coefficient of the volatile component, A is a constant at a given 
temperature, and N t is the mol. fraction of the non-volatile component. 
They also introduce the “ concept of congruence/' calling solutions con¬ 
gruent which contain the same ratio of CH, to CTI a units, independent 
of how they are made up into molecules within the range considered ; 
by using this concept they are able to derive the three constants A of 
the three systems considered from one general constant. All experiments 
were carried out at one temperature and no conclusions can be drawn 
therefore about the heat of mixing. 

The expression given by Bronsted and Koefoed may be formally 
derived for a type of solution called “ strictly regular ” by Fowler and 
Guggenheim. 2 A solution is defined as strictly regular if the molecular 
volumes and free volumes of the components are roughly equal and are 
additive in solution ; if a co-ordination number can be defined in such 
a way that each molecule is surrounded by the same number of mole¬ 
cules ; if the molecules pack similarly in the pure components and can 
be assumed to pack in the same way in a mixture ; and if intereactions 
between molecules other than nearest neighbours can be neglected. With 
these assumptions an expression of the form found by Bronsted and Koefoed 
can be derived for the activity coefficient, provided the heat of mixing 
is small (or if the co-ordination number is assumed to be infinite, though 
co-ordination numbers larger than 12 have no physical meaning). The 
constant A is then proportional to the energy of interaction of unlike 
molecules, in excess of the mean of the energies of interaction of like 
molecules, and it can be shown that the entropy of mixing is equal to the 
ideal entropy of mixing. 

It is noteworthy that this interpretation of Bronsted and Koefoed’s 
results would predict that heat is evolved on mixing—indeed, as the 
activity coefficients are all less than unity, any assumption which is equi¬ 
valent to taking the entropy of mixing as nearly ideal, will lead to heat 
evolved on mixing. This in itself is most unusual for non-polar com¬ 
ponents. A much more serious objection would be, however, the neglect 

1 Bronsted and Koefoed, KgL Danske Vid. Selsk., Mat.-fys. Medd., 1946, 
22, No. 17, 1. 

* Fowler and Guggenheim, Statistical Thermodynamics (Camb. Univ. Press, 
1939 ), p. 35 i. 
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of the influence of the different molecular sizes. Now Guggenheim 8 * i * * 4 
has developed the statistical thermodynamics of mixtures of molecules 
of different sizes, whether or not the energy of interaction is zero ; the 
assumption is made that each molecule occupies a certain number of sites 
on a quasi-lattice. It is easily verified that the formulae for zero energy 
of interaction give values for the activity coefficients which are far below 
those observed by Bronsted and Koefoed (see later) ; the formulae for 
non-zero energy of interaction are, however, not directly applicable, for 
the following reason : Guggenheim's formulae are derived from a model 
in which the molecules of one type are built up of identical segments, and 
the energies of interaction are those between the different types of segments. 
But all normal paraffins are built up of the same segments (the units may 
be taken as the CH 3 and CH a groups) and the energies of interaction 
between different molecules should be the same as between molecules 
of the same kind. The most plausible way to account for a heat of mixing 
is to assume that there are different energies of interaction between end 
groups and middle groups. As the ratio of end groups to middle groups 
changes on mixing molecules of different lengths, there will be a finite 
heat of mixing. It is the purpose of this paper to derive the statistical 
thermodynamics of this case, and to apply the formula derived to Bronsted 
and Koefoed's results. 

2. Statistical Treatment 

The treatment given below follows very closely Guggenheim’s method. 4 

Let us consider a mixture of a number of molecules of different lengths, 
each molecule of kind i occupying sites of a quasi-lattice ; we assume that 
all molecules are built up of identical end segments e and identical middle 
segments m, so that each molecule contains two end segments e and 
(r t — 2) middle segments m ; we assume the chains to be open and 
un branched. 

We shall use the following symbols : 
z co-ordination number of the lattice, 

r { number of sites occupied by a molecule of kind i, 

zq x number of pairs of sites in which each molecule of 

kind i participates (other than pairs of its own con¬ 
secutive segments), 

e t fraction of these in which an end segment participates, 

m { ~ i — fraction of these in which a middle segment participates, 

n t number of molecules of kind i, 

zX ee , zX em , zX mm numbers of pairs of sites occupied as indicated by the 
subscripts, 

W 7 efs , W mm energies of interaction of pairs of sites occupied as 

indicated by the subscripts. 

We also define x { , y it f m , a, by the following equations: 

x i - 

- < 

y, 

i 

i. -- 2 e < x <- 

i 

i 

* - z[W tm - I (W„ + W mm )]/kT. 

a Guggenheim, Proc. Roy . Soc. A, 1944, >83, 203. 

4 Guggenheim, ibid., 1944, i8 3 » 213. 
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We denote equilibrium values by a bar, values for the case of zero energy 
of mixing by an asterisk and values for a pure component by a super¬ 
script 

The following equations obviously hold 


zq t -= zr, — 2r t + 2 , . . . . (1) 

zq t e, =•= 2(z — 1) ,.(2) 

zq,m t — (r< - 2)(* ~ 2) , . . . . (3) 

22A.. -1- (4) 

r t 

zzX nm + zX, m — z'£m,q i n i = zS m ^q t n,. . . ( 5 ) 

t t 

We postulate the condition of the quasi-chemical equilibrium for a 
process denoted symbolically by ( ee ) -j- (mm) = 2(em), namely 

1 — = e - - I*’™™)/*!’, . . . (6) 

4 A„A' mm 

which can be written in the form 


--—-- = e-*-/». . . ( 7 ) 

t i 

The solution of this equation for A r ern is obtained by introducing a quantity 
0, defined by 

0=- (1 + 4f.f m (e *■/*-- i)l* • • - .(B) 

It is more convenient to use the quantity k — 2/(0 + i) so that k is the 
root lying between o and 2 of the equation 

* - 1 - K%Ue 2 *l* - 1) • • • • ( 9 ) 

For a ~ o, 0 — 1 and * = 1. 

Having obtained X, m , X ee and X mm are calculated from eqn. (4) and 
(5). The results are 

X,„ — .... ( 10 ) 

i 

zX„ - f,(i - 2?*”.(”) 

t 

2A' mm = £„(i - . . . (12) 

i 

We obtain the configurational part of the free energy of the assembly 
from the partition function ^ g(«<, AT #m )e ~ E ! kT , the sum to be taken over 
all values of X tmt where g (n if X tm ) is the number of configurations with 
exactly X tm pairs of (cm) contacts and E is the energy of such a configura¬ 
tion : 

E = z(W„X„ + W §m X am -f- W mm X nm ) 

- *TaA, m - \z(W..(. + W mm ( n )'!E.q<n,- ■ ■ (13) 

t 

Wc shall replace, as usual, the logarithm of the partition function by the 
logarithm of its largest term, and require the value of X em , which makes 
g(n tl X em )e- E l kT a maximum, to be that given by eqn. (io). 

It is also necessary that log g(n it A flm ) shall be homogeneous of the 
first order in the n { and that it should reduce to the value for log g(n<) 
given by Guggenheim’s eqn. (4.1), for the case of zero energy of interaction : 

log g(»i) 1°8 Pi — 2 ,0 S ”< ! ~ (i* — *) l°g (2 r < n <) 1 

i i i 

+ lz teg (2 ?<»<) !, ( 14 ) 


** 


4 
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where is the number of possible configurations of a molecule, when one 
of its segments occupies a given site. 

It can be verified fairly easily that these conditions are satisfied by 
an expression very similar to Guggenheim's eqn. (5.1) : 4 

log g k, x, m ) = log g(»<) + log + lo e 

(zX„)\ (*X mm )! 

(zXf m )! 

log — _* *' I5 ' 

+ ° g (zX gm )! z**™ 

The X* can be obtained from eqn. (10), (11), (12) by putting * = 1. By 
substituting these values eqn. (15) becomes 

log g(w„ X tn ) = £ «, log Pi - 2 log n, I — (lz - 1) log r < n *) ■ 

it i 

+ -Jlog ((, 2 W*) ! + Z lo K (fm 2 ?<«•) ! - \ z lo 8 (f. 2 ~ ^*») 

» i i 

- i* log dm 2 - A', m )! — z log X, m ! . . (16) 

i 

The free energy of the assembly is 

F/kT r= - n, log /, - log g(n ( , A', m ) + aA'. m , . (17) 


where the //s are the partition functions for the internal degrees of 
freedom of the molecules fixed to a definite set of sites, assumed separable 
from the configurational part and assumed to contain suitable factors 
to make W ee — W mm = o. 

The partial potentials /z< and the absolute activities are related to 
the free energy by the usual equations 


fii ^ kT log A, = • . . (18) 

Using Stirling's theorem and eqn. (io) we get from eqn. (16), (17) 
and (18) 

/IE v j 'V 2,< 

4— (I9 ) 


By putting = r and all other w, = o we obtain the absolute activity 
of the pure component i ; and * are to be replaced by w, and 

respectively, where is the root lying between o and 2 of the equation 


*i = 1 - #cfow,(e 2 /«s - 1) . . . (20) 

The ratio of the absolute activity of a component in the mixture to 
that of the pure component is then 


h = v !*< rji 

a; y ' 1 y, L(i 

Putting a — o, i.e. k 


*fm)G 1 e ' f(r - 1 

L(i - 




i 


( 21 ) 


K i = i, we recover Guggenheim’s eqn (8.7) * 

A? (xA 

.( 22 ) 


A? - yi l yj 


so that eqn. (21) can be written 


= fr ( T — dj e, T< f (r — K^Wi-yoi 1 \zti 
A 0 a; 1 L(I - J L(r - Kf t )( m J ) 


(23) 
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It is easier to obtain the expression for the free energy of mixing A F 
from eqn. (23) than from eqn. (17) ; the result is 

A F/kT = ^ n ‘ lo S (V A ?) = 2 14 *?<»< log - (4 zq t — i)w, log y t ] 
i i 


+^ [*• lo s + log 


*£* 1 1 

- e t log — 


Kiftti 


~ log ~7»7^] ’ • 


• (24) 


where the first sum on the right-hand side equals A F*/kT. 

The energy of mixing A£ can be calculated from eqn. (13), substituting 
for X gm its equilibrium value (10), and from expressions analogous to eqn. 
(13) for the pure components. The result is 

A Is — /cTa^?fWf[^ m — • * • ( 2 5) 

i 

It can be verified easily that (24) and (25) satisfy the Gibbs-Helmholtz 
equation. 

Numerical calculation of A</A° from eqn. (23) for application to experi¬ 
mental data is tedious ; it is, however, possible to obtain an expansion 
in powers of a, valid for small values of a, which are, after all, the most 
likely to occur in practice. We shall carry the calculation up to the 
quadratic term in a. 

We need first an expansion of *. From the equation defining k we 
obtain 

* - 1 - 2(a /z)Um ~ 2(a- U 2 . . (26) 

and an analogous expression for K it obtained by replacing and in 
eqn. (26) by e { and m { respectively. Substituting these values in eqn. 
(20) and expanding by the multinomial theorem, we obtain by a calculation 
which is rather lengthy, but not otherwise difficult, 

A,/A? ~ (KlK) U + *qMt - W 2 + (oc */s)q { (e t - *,)•[(*. - U 2 - 2e l m i 

+ (b z< lt - 1) (e< - « 2 J}. (27) 

If, on the other hand, a given set of experimental data is to be fitted 
by an equation of the form of eqn. (23), treating a as an adjustable para¬ 
meter, it is most convenient to calculate A rf /A 9 from eqn. (27) for several 
trial values of a, and then, if necessary, to calculate the exact values 
of A,/Aj from eqn. (23) with a suitable value of a; a small final adjust¬ 
ment in a may be made and the final value of A,/A® calculated, assuming 
its increase to be proportional to the increase in a and using eqn. (28), 
which is derived from eqn. (23) 

“ X; ifitm + Wt(e “ K(e(m) ~ • (28) 


3. Application to Brfinsted and Koefoed’s experiments 

Bronsted and Koefoed measured the vapour pressure of the volatile 
component—which we shall for convenience call the solvent—throughout 
the whole range of concentrations at 20-00° C in the three systems hexane- 
cetane, heptane-cetane and hexane-dodecane, all being normal paraffins, 
and hence calculated the activity coefficient y t of the solvent, referred 
to the pure solvent as standard state : y x — A x /(iV 1 A{). Correction for 
gas imperfection was, of course, applied. Denoting the three systems by 
6-16, 7-16 and 6-12, the solvent by the suffix 1 and the solute by 2, Bronsted 
and Koefoed found that the experimental results could be represented 
very accurately by the expressions 

6- 16 : togion — — 0-0480 N% 

7- 16 : log loyi —. — 0-0400 Nl 

6-12 : log^tt = — 0 0175 N\ 
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Several runs were carried out on each system, the total number of 
points recorded in the three systems being 56, 51 and 23. To show the 
accuracy with which the expressions fit the experimental data, the standard 
deviations of the experimental values of y x from the values given by the 
formula were calculated; they are 00012, 0*0016 and 0*0027. 

To see whether formulae of the type of eqn. (20) can be found which 
would represent the experimental data, values of y* = X*/(N 1 Aj) were 
first calculated for z = 4 and z — 8 by eqn. (22) with the values r x — 6, 
r t = 16 ; y x — 7, r 2 = 16 ; and r t ^6, r 2 — 12, at intervals of 0*2 of 
JVj. As these figures have some interest in themselves, they are given 
in Table I. 


TABLE I. —Calculated Values of y* 


A ? i 

0 

0*2 

0-4 

o-6 

o-8 

System Z 

O-i 6 f j ‘ 

0*7217 

0*7779 

0*8400 

0*9058 

0*9674 

{H . 

0*7080 

0*7656 

0*8299 

0*8989 

0*9646 

7 - u, \8 : : 

0*7839 

0*8324 

0*8834 

o*9344 

0*9786 

0*7735 

0*8234 

0*8764 

0*9299 

0*9769 


0*8400 

0*8793 

0*9189 

0*9562 

0-9865 

\8 . 

0*8299 

0*8710 

0*9128 

0*9526 

0-9852 


Values of y x were then calculated with suitably chosen a as described 
in the last paragraph of the preceding section ; the final adjustment in 
a was made by the method of least squares, so as to make the sum of the 
squares of the differences of y x as calculated and as given by Bronsted and 
Koefoed's formula at N t = 0*2, 0*4, o*6 and 0*8, a minimum. N x = o 
was not included as it is outside the experimental range. Table II gives 
the resulting values of y lt together with Bronsted and Koefoed's figures, 
and also the values of a used. 


TABLE II. —Experimental and Calculated Values of y x and Values of 

a Used 



A t i 

O 

0*2 

0*4 

0-6 

o*8 

a 

System 

f B and K 

0*8954 

0*93I7 

0*9610 

0*9825 

0-9956 

_ 

6-16^ 

Z~- 4 - - 

0*9016 

0*9321 

0'960I 

O 9830 

0*9969 

1*046 


= 8 . 

0*8953 

0*9296 

0*9608 

0-9855 

o*qc)8q 

0*975 


BandK 

0*9120 

0*9428 

0*9674 

0-9854 

0*9963 

— 

7-1 H 

* -4 - - 

0*9l86 

o*9437 

0*9664 

0-9847 

0*9964 

1*041 


K Z — 8 

0*9I49 

0*9424 

0*9670 

0*9862 

o*9975 

0*991 


r B and I\ 

0*9605 

o*9745 

0*9856 

0-9936 

0*9984 

— 

6-I2< 

Z ~ 4 . 

0*9594 

0*9783 

0*9859 

0-9945 

0*9992 

1*038 


[2^8. 

0*9560 

0*9729 

0*9865 

0-9958 

0*9999 

0*941 


To bring out the agreement of the calculated values with the experi¬ 
mental formula even more strikingly, their differences have been plotted 
in Fig. 1 for 2 — 8 and Fig. 2 for 2 — 4, with the experimental formulae 
as datum lines ; the standard deviations of the experiments from Bransted 
and Koefoed’s formulae are also shown. The agreement is seen to be very 
satisfactory, the main discrepancy being that for 2 == 8 the calculated 
values of y x approach unity too quickly with increasing N x . As a repre¬ 
sents the same physical quantity in each of the systems, the three values 
for 2 = 4 should be identical, as well as the three values at 2 = 8 ; though 





H. TOMPA 107 


a for z =s 4 need not be the same as for z = 8, Again, the agreement 
is very satisfactory, especially for z = 4. 

The model chosen in which all C atoms occupy points of a regular lattice 



0-2 0-4 o*6 o*8 


Fig. 1 

X Full values of r. 

4 - Half values of r. 

1 Standard deviation of exponential. 


is not quite satisfactory, since the C—C distance in a normal paraffin 
is 1*54 A, but the C atoms of different molecules can hardly approach closer 



0-2 o*4 o*6 0-8 


Fig. 2 

X Full values of r. 

4- Half values of r. 

I Standard deviation of exponential. 

than twice that distance. It was thought therefore worth while to see 
whether halving all values of r, i.e. considering the systems as 3-8, 3I-8 
and 3-6, would give an even better fit; this is equivalent to regarding 
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C 2 H 5 and C f H 4 as the fundamental units of the molecules (the value 3J 
for fj cannot correspond, of course, exactly to a physical picture). The 
calculation was carried out exactly as before ; the values of yf are given 
in Table III, values of y lt together with the experimental data and the 
values of a used, in Table IV. The differences of the calculated and 


TABLE III. —Calculated Values of yf 


Ni 

0 

0’2 

.. 

04 

o-6 

o-8 

System Z 

3-8 * * 

0*7399 

0*7940 

0-853° 

0*9145 

0*9709 


0*7150 

0*7720 

0-8351 

0*9025 

0*9661 

; : 

0*7079 

0*8441 

0*8924 

0*9388 

0*9807 

0*7788 

0*8279 

0*8800 

0*9322 

0*9779 

-..A f 4 • 

J \8 . . 

0*8530 

0*8898 

0*9266 

0*9608 

0*9880 

0-8351 

0*8752 

0*9160 

°*9545 

0*9858 


experimental figures are also included in Fig. 1 and Fig. 2. There is no 
significant difference between the results for the systems 6-16, 7-16 and 
6-12 and the results for 3-8, 3J-8 and 3-6. 


TABLE IV. —Experimental and Calculated Values of y, and Values of 

a Used 




0 

0*2 

04 

o-6 

o-8 

a 

System 

f B and K . . 

0-8954 

0*9317 

0*9610 

0*9^25 

0*9956 


3-8 5 

f 4 . . 

0*9028 

0*9326 

o*9599 

0-9824 

0*9965 

0*613 


---8 . 

0*8962 

0*9298 

0*9607 

0-9853 

0*9989 

0*526 

3l-« i 

r B and K . 

0*9120 

0*9428 

0*9674 

0*9854 

0*9963 


1 z =" 4 • • 

0*9195 

0*9439 

0*9662 

0*9844 

0*9963 

0*607 

1 

[Z — 8 

0*9153 

0*9424 

0*9669 

0*9861 

0*9975 

0*534 

3-6 j 

fB and K . 

0*9605 

0*9745 

0*9856 

0*9936 

0*9984 


z =• 4 • . 

0*9596 

o*973« 

0*9859 

0*9945 

0*9990 

o*6n 


JZ - - 8 

0*956 T 

0*9728 

0*9864 

o*9957 

0*9998 

0*507 


No matter how good the agreement between the observed and cal¬ 
culated values of y x is, the real test of the theory is, of course, whether 
the heats of mixing predicted with these values of a will be experimentally 

1 ABLE V.—Calculated Values of Heat of Mixing 


z 

System 

6-16 

3-8 

7-16 

31-8 

6-12 

3-6 

4 

42*0 

37-3 

29*1 

25*3 

22*6 

20*5 

8 

, 

i 

48*2 

45*5 

33*2 

31*2 

26*4 

25*1 


confirmed ; this test will have to stand over until experimental data 
on heats of mixing are available. The calculated heats of mixing in 
calories^ when J mol of solvent and \ mol of (liquid) solute are mixed at 
20*00 C to give 1 mol of solution of mol fraction are shown in Table V • 
there is a marked dependence on z and also on the absolute values of r\ 
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It is worth while to point out that all heats are heats taken up, leading 
to positive deviations of y x from the athermal case and to decreasing y x 
with increasing temperature. 

The author acknowledges his indebtedness to a remark of Prof. E. A. 
Guggenheim at the General Discussion of the Faraday Society in September, 
1946 ; 6 his thanks are due to Dr. C. H. Bamford for clarifying discussions. 

Courtaulds, Limited, 

Research Laboratory, 

Maidenhead, Berks. 

5 Guggenheim, Trans. Faraday Soc., 1946, 42B, 45. 


A NEW METHOD FOR EXTRAPOLATING 
DIELECTRIC POLARISATION DATA TO INFINITE 
DILUTION AND RECALCULATION OF THE 
APPARENT MOLECULAR POLARISATION 
AND DIPOLE MOMENT OF NITRO¬ 
BENZENE IN VARIOUS SOLVENTS 


By J. W. Smith and I). Cleverdon 
Received list November, 1947 I as revised gth August, 1948 

It has been observed that in many cases the dielectric constants of dilute 
solutions of polar compounds in non-polar solvents can be represented accurately 
by equations of the form, e 12 - cj olw 2 + ol'wI, where a and a' are constants. 
Utilising this and the linear variation of the specific volume of the solution with 
w 2 , a method of deducing the apparent molecular polarisation at infinite dilution, 
and hence for computing its apparent dipole moment, has been developed. The 
application of the method to existing data for dilute solutions of nitrobenzene 
in various solvents shows these to be more consistent with one another than is 
indicated by the values of P 2 and p derived from them by the investigators, and 
probable values for these functions at 25 0 C have been deduced. For most 
solvents the values of P 200 lie on, or near, a straight line when plotted against 
(cj — *)/(*i -f 2), but benzenoid solvents appear to be exceptional. 


The values recorded in the literature for dipole moments determined 
through measurements on dilute solutions show in some cases wide dis¬ 
crepancies, even when the same solvent has been used by each of the ob¬ 
servers concerned. This is due in part to the various methods by which 
the moments have been derived from polarisation data, and particularly 
to the extent to which allowance has been made for atomic polarisation, 
but apart from these factors the actual values of the total molecular 
polarisation at infinite dilution reported by different workers have varied 
considerably. This is an unsatisfactory state of affairs, especially in view 
of the important questions of molecular structure elucidated by the 
application of such data and the interest centred around the " solvent 
effects." Owing to this circumstance it has become usual, when studying 
any particular group of compounds, for an investigator to make his own 
measurements on all the compounds with which he is concerned, even 
though many of these have been studied before, so as to obtain results 
of a more truly comparable order. 




no 


DIPOLE MOMENT OF NITROBENZENE 


Few attempts have been made, however, to analyse the causes of 
these discrepancies, or to correlate the available data so as to obtain 
reliable mean figures. In some cases the lack of accord is due to inaccuracy 
of measurement either of the dielectric constants concerned or of the 
densities. This seems to have arisen, particularly in earlier investigations, 
not only from the use of unsuitable equipment but also from a lack of 
appreciation of the necessity for accurate temperature control. Allowing 
that the measurements are reasonably exact, however, the usual method 
of applying them leads to considerable uncertainties. It involves cal¬ 
culation of the mean molecular polarisation P l2 of the solution, which is 
given by 

e i 2 ~ * M l f l 4 ~ A/ 2 / 2 

4 1 2 d 


where c, d, M and / denote the dielectric constant, density, molecular 
weight and mole fraction, respectively, whilst the subscripts I, 2 and 12 
refer to the solvent, solute and solution, respectively. By writing 
Pi 2 — PJ Y -f P 2 / 2 and assuming that P x remains constant at its value 
for the pure solvent, values of P 2 at various concentrations can be deduced. 

To derive the apparent dipole moment however, it is necessary 
to determine the limiting value of P 2 , i.e. P 2 oo at infinite dilution, where 
no dipole interaction can occur and the system more closely resembles 
that of gas molecules at low pressures. The difficulty in evaluating 
this arises from two causes. Firstly there is no knowledge of the manner 
in which P 2 veiries with / 2 , and hence no theoretical basis for the extra¬ 
polation. Secondly, as it involves the difference between two terms 
which arc nearly equal the percentage uncertainty in the value of P 2 / 2 
is fairly high, and increases as / 2 is diminished, so the values derived for 
P 2 at low concentrations may be subject to appreciable error. This has 
caused some investigators to omit measurements at very low concentrations, 
where they should be most valuable, owing to the inexactitude of the 
P 2 value deduced, whilst others have, in their extrapolation, assigned too 
great a weight to measurements in this region, leading to incorrect drawing 
of the P 2 —/ 2 curve. 

An alternative method has involved plotting either P 2 / 2 , or P 12 , 
against/ 2 , in which case every point has equal weight, the value of P 200 
being deduced from the slope of the tangent to the curve at / 2 = o, but 
this is an equally hazardous procedure. 

There has always been a tendency to picture P 2 as a linear function 
of / 2 , although the examination of most data tends to suggest that P 2 
increases more rapidly at low concentration than would be anticipated 
from the linear law. On the other hand, it has been evident to most 
workers in this field that at low concentrations e 12 and d, or better the 
specific volume (v l2 ), are approximately linear functions of f t or of the 
weight fraction (w 2 ) of solute. 

Hedestrand 1 pointed out that if c 12 and d vary linearly with / 2 , the 
value of P 200 can be calculated directly. Le F&vre and Vine, 8 on the 
other hand, preferred to assume that c lt and d are linear functions of w % . 
Perhaps the most constructive proposal, however, has been that of 
Halverstadt and Kumler, 8 who suggested that for the solutions of many 
compounds at low concentrations both e, 2 and v lt are linear functions of 
w 2 , and that if this relationship is written in the form 

= Ac -= a w 2 and v lz — v l = Av = / Sw t , 
then the specific polarisation of the solute at infinite dilution is given by 


P% 00 — 


3«^i 

(«i 4 *) 2 


+ (»i + P) 


- i 
4 2 


(i) 


1 Hedestrand, Z. physik. Chem, B, 1929, 2, 428. 

* Le Ffcvre and Vine, J. Chem. Soc., 1937, i8o<>. 

3 Halverstadt and Kumler, J. Amer. Chem . Soc., 1942, 64, 2988. 
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By using this relationship Halverstadt and Kumler demonstrated 
that several series of data, from which appreciably different values of 
P aoo and had been derived, were actually in accord with one another. 
The results calculated by their method were generally higher than those 
which had been derived by the more usual methods, and in some cases 
approximated to the values which had been found from measurements on 
the vapour. The higher values of P aoo derived by this method, however, 
are anomalous. In many cases, as was first pointed out by Sugden, 4 
P f decreases with increasing solute concentration in such a manner as 
to be a linear function of the volume polarisation (*i 2 — i)/(« 12 + 2) 
of the solution. If these extrapolations of Halverstadt and Kumler 
are correct, it must be inferred that this linearity holds down to very 
low concentration, but that an abrupt change in P* then occurs as w 2 
approaches zero. This is not very probable. 

Halverstadt and Kuruler's approach, however, has the advantage 
over the other forms of linear relationship in that when no volume change 
is associated with the dissolution of a liquid solute in the solvent the linear 
relationship between v ti and w 2 holds strictly. In general, (t>, + p) 
represents the partial specific volume of the solute at low concentrations, 
and hence linearity of v l2 with w 2 is to be expected in most cases over the 
concentration ranges usually employed. 

The present authors consider that the anomalous P aoo values found by 
Halverstadt and Kumler are due to the manner in which they evaluate a. 
They assume that “ with the usual methods of handling, the solutions 
are exposed longer to air than is the pure solvent, and consequently the 
solutions may absorb more water vapour than the solvent," and also that 
“ even if rigid methods are used to exclude moisture, each c value for 
the different solutions depends on a single solvent measurement of c lf 
and consequently the latter is much more heavily weighted than any single 
solution measurement of c." Therefore they derive the dielectric constant 
of the pure solvent by extrapolating the e 12 — w 2 data linearly to ~ o, 
the intercept giving the value of c, used in deriving p t , whilst the slope 
of the line gives the value of a. 

No exception could be taken to this method if the extrapolated values 
of € X approximated to, or were within, experimental error of the observed 
values, but in many cases the figure obtained was far outside the limits 
of such error. Also, in reliable series of data the published e ia values 
are not isolated measurements but the result of several measurements 
on each solution. If handling of the solution is found to result in varia¬ 
tion of the experimental figure, the handling technique is modified to 
eliminate such errors. Again it is customary to submit the “ blank " 
solvent specimen to the same handling as a solution, so it is difficult to 
see why € ia values should change so considerably without variation of 
If the solute is hygroscopic, for instance, and causes the anomaly, the 
effect will vary with concentration, and the slope of the c 12 — w t curve 
will be erroneous in any case. Also, whilst it is recognised that the weak¬ 
ness of most methods is that undue weight is placed on the measurements 
on the pure solvent, it is nevertheless usual to determine c lt values with 
respect to an assumed value for €,, and this reference point is returned to 
repeatedly, especially when fresh batches of solvent are used, so that it 
is established very accurately. Hence it seems illogical to discard com¬ 
pletely this assumed value of e x as a point on the « ia — w % curve. 

In most cases the extrapolated value of € l obtained by Halverstadt 
and Kumler's method is lower than the observed value. Closer inspection 
of a large amount of data shows that, even at very low concentrations, 
the c ia — w t plot is definitely curved and generally concave upwards, 
so the best straight line leads to a value of t x lower than the true 
value. 


4 Sugden, Nature, 1934, * 33 r 4 I 5 - 



112 DIPOLE MOMENT OF NITROBENZENE 

On the other hand the authors have observed that the variation of 
c J8 with concentration can be represented for dilute solutions as 

<11 = e, + a w, + a'tt/J . . . . (2) 

Hence Ac fw % should vary linearly with w 2 . With a very few exceptions 
which are being further studied, this relation has been found to hold to 
values of w 2 in excess of o i in the case of solutes of relatively low dielectric 
constant, which have low values of a, whilst when a is high it holds fairly 
well up to values of Ac ranging from about o-8 to io. Above these con¬ 
centrations departures from linearity occur requiring extra terms, which 
are to be anticipated if the variation of c 12 with w 2 is of one of the forms 

Ac/k/ 2 — 1 /(A ~ Bw 2 ) or i/(A — Bw 2 ) + i/(C -f Dw 2 ), 

such as are predicted by most solvent effect equations. The method of 
computing p 200 , P 2ao and n now proposed is based on the application 
of eqn. (2). 


The Method of Computing 

Differentiation of the relation 

Pit = P\ + (P 2 “ Pl) W 2 ^ («12 ~ i)*W( € i2 + 2) 
with respect to w 2 shows that eqn. (1) will hold if a and /3 are taken as the limiting 
values of A e/w 2 and A vjw 2 respectively at inlinite dilution, i.e. at w 2 -- o, 
and if p 1 does not change with w 2 . This last limitation is also imposed on the 
more usual extrapolation methods of deriving p 200 and P 200 . The problem is, 

therefore, reduced to one of determining a and 0. 

To determine the value of a the method adopted is to plot A €jw 2 against 
w 2 and extrapolate the values linearly to te.’ 2 -= o, proportionately greater weight 
being given to the points corresponding to higher values of w 2 , where the experi¬ 
mental accuracy in the determination of Ac}w 2 is the greatest. In the case of 
precise measurements this plot shows very exactly the concentration, if any, 
above which departures from linearity occur, and the values for such con¬ 
centrations are disregarded in my king the extrapolation. 

Since, in general, 

0 = (’-12 - V l)l W t ■= 

one specific volume determination should suffice to evaluate /?, but, owing to 
the small magnitude of Av the inaccuracy in some cases may be appreciable. 
If a definite trend occur* in the values of A v/w 2 as deduced from the determin¬ 
ations at various concentrations, the simple relationship evidently does not 
hold and the same procedure has to be adopted as for deriving a. Usually the 
values vary only slightly and in a random manner, within the limits of possible 
experimental error, so that a mean value can be taken such as was utilised by 
Halverstadt and Kumler. This may be derived by the method of least squares 
as j 3 = Ew 2 AvjEu\, in which the weight put on each Av value is proportional 
to w 2 , i.e. to its probable accuracy, or more simply as UAv/Bw 2 , which in most 
cases leads to values indistinguishable from those deduced by the least squares 
method. 

Once the values of a and /9 have been ascertained p 200 can be calculated 
directly by eqn. (1), the values of € x and used being the actual values measured 
or assumed for the pure solvent. 

This method still involves an extrapolation to infinite dilution of values 
derived from measurements at various low concentrations, but it has the ad¬ 
vantage of being a linear extrapolation, based on reasonable assumptions, of 
experimental data prior to combining these into polarisation terms, where the 
individual experimental errors become disguised. Further, it is a simple matter 
to determine the probable limits of error in the values of Ac for each measure¬ 
ment and therefore to determine the limits of error in a. 

The application of this procedure to data from various sources shows it to 
be a very searching method for comparing the results obtained by various in¬ 
vestigators. In some cases it has been shown that measurements were in serious 
error, although this was not brought to light by the values of P l2 or of P 2 because 
the changes in c 12 and v 12 , erring in opposite senses, have compensated one another. 
It also permits some comparison between data for different temperatures because, 
although the value of a changes with temperature, the Ac/w 8 — w t lines for two 
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TABLE I 


Summary or Recorded Data for the Molecular Polarisation and Dipole Moment 
of Nitrobenzene in Solution 


Solvent 

Temp. 

C C 

Observers 

P to0 
cm. 8 

Pe 

cm. 8 

P J HA 
cm. 8 

p u 

cm. 8 

f* 

(») 

Benzene 

XO 

Rau and Narayanaswamy 8 

*378-1 

_ 

_ 

_ 

3-96 


i8*5 

Hassel and Uhl 8 

335 

— 

— 

— 

3-98 


20 

Tiganik 7 

366 

32*7 

32*7 

333*3 

3*97 



Muller 8 

361 

32 

32 

329 

3*95 



Rau and Narayanaswamy 6 

*369*8 

— 

— 

— 

3-98 


20*7 

Bergmann and others 8 

3 8 -2 

33 *o 

33 *o 

349 

4*08 


22 

Poltz 10 

358-3 

30*7 

35*3 

323 *o 

3-93 


24 

Lange 11 


33 

— 

— 

3-84 


25 

Williams and Schwingel 12 

348 

33 

33 

315 

3*90 



Le F6vre and Russell 13 

*371-7 

32*7 

32*7 

339 *o 

4*°5 




347 

32*7 

32*7 

3 i 4 

3*90 



Le F6vre and Le F&vre 14 

*367*0 

32 

32 

335 

4*03 




360 

32 

32 

' 328 

4 *° 



Jenkins 18 

353-8 

32*6 

32*6 

321*2 

3*94 



Chang 16 

337 

33 

33 

304 

3*83 



Nukada 17 


— 

— 

— 

3-96 


27 

Pal 18 

351 

33 

33 

318 

3*916 


30 

Davis and others 18 

353 

32*7 

34*3 

318*7 

3*96 




t 35 2 

32*7 

34*3 

3 i 7*7 

3*95 



Rau and Narayanaswamy 5 

*360*1 

— 

— 

— 

3*99 


40 

Rau and Narayanaswamy 6 

* 349*7 


— 

— 

3*99 

Toluene . 

18* 5 

Hassel and Uhl 8 



— 

305 

3*83 

Naphthalene . 

85 

Briegleb 20 

240 

32 

32 

t 208 

3*73 

Cyclohexane . 

10 

Rau and Narayanaswamy 5 

* 395-1 

— 

— 

— 

4*06 


20 

Rau and Narayanaswamy 6 

*385-8 

— 

— 

— 

4*07 


2 5 

Jenkins 18 

3 (> 9 -o 

32*6 

32*6 

327*4 

3*97 


30 

Rau and Narayanaswamy 8 

* 37<>-3 

— 


— 

4*09 


40 

Rau and Narayanaswamy 6 

*366*I 

- - 

— 

— 

4*09 

Decalin . 

20 

Muller 8 

381 

31 

3 t 

350 

— 


2 5 

Jenkins 18 

1 352*9 

32-6 

32*6 

320*3 

3*93 

w-Hexane 

25 

Jenkins 15 

1 372*5 

32*6 

32*6 

339*9 

4*05 

“ Hexane ” 

10 

Rau and Narayanaswamy 5 

* 399*5 

' - 

— 

— 

4*08 


20 

Muller 8 

377 

32 

32 

345 

4*05 



Rau and Narayanaswamy 6 

♦389*8 


— 

— 

4*10 


25 

Williams and Ogg 21 

34 h 

32 

32 

3 H 

3*89 


30 

Rau and Narayanaswamy 5 

♦379-6 


— 

— 

4*10 


40 

Rau and Narayanaswamy 6 

* 3 ^ 7*3 




4*10 


• Derived by Iledestrand method 1 or modified Hedestrand method. 13 
f Extrapolated by Hoecker’s method. 23 

5 Rail and Narayanaswamy, Proc . Indian Acad. Sci. A, 1935, I, 489. 

• Hassel and Uhl, Z. physik. Chem. B, 1930, 8, 199. 

7 Tiganik, ibid., 1931, 13, 440. 

8 Miiller, Physik. Z., 1933, 34, 700. 

• Bergmann, Engel and Sandor, Z. physik. Chem, B, 1930, 10, 412. 

10 Poltz, ibid., 1933, 20, 353. 

11 Lange, Z. Physik , 1925, 33, 173. 

12 Williams and Schwingel, J. Amer. Chem. Soc., 1928, 50, 362. 

18 Le F6vre and Russell, J. Chem. Soc., 1936, 495. 

14 Le F6vre and Le Fdvre, ibid., 1936, 1136. 

15 Jenkins, ibid., 1934, 482. 

16 Chang, /. Chinese Chem. Soc., 1933, *» 107. 

17 Nukada, Nic. Chem., 193 2, 5, 41. 

18 Pal, Phil. Mag., 1930, io, 265. 

18 Davis, Bridge and Svirbely, J. Amer. Chem. Soc., 1943, 65, 858. 

80 Briegleb, Naturwiss., 1934, 22, 105. 

81 Williams and Ogg, J. Amer. Chem. Soc., 1928, 50, 95. 
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TABLE I— coni. 


Solvent 

Temp. 

“C 

Observers 

',00 

cm.* 

P B 

cm.* 

p ExA 

era*. 

p f* 

cm. 

<6 

Dioxane 

10 

Rau and Narayanaswamy 5 

*366-8 

_ 

__ 

_ 

: 

3-90 


20 

Rau and Narayanaswamy 6 

*358-6 

— 

— 

; — 

3-91 


3° 

Ran and Narayanaswamy 6 

*350*0 

— 

— 

— 

3*93 


3 °' r 

Davis and others 18 

361 

32*7 

34*3 

326-7 

3*99 


40 

Rau and Narayanaswamy 5 

* 341-9 

— 

— 

— 

3*94 

Heptane 

10 

Rau and Narayanaswamy 6 

* 400*7 

— 

— 

— 

4*09 


20 

Rau and Narayanaswamy 4 

*390*0 

— 

— 

— 

4*10 


3 ° 

Kau and Narayanaswamy 5 

*378-4 

— 

— 

— 

4*10 


40 

Rau and Narayanaswamy 6 

*366*6 

— 

— 

— 

4*10 

Carbon tetra- 

10 

Pal 18 

373 

33 

33 

340 

3*92 

chloride 


Rau and Narayanaswamy 5 

•386*1 

— 

— 

— 

4*oo 


20 

Muller 8 

362 

32 

32 

330 

— 



Pal 18 

359*3 

33 

33 

329-3 

3-92 



Rau and Narayanaswamy 5 

* 375-8 j 

— 

— 

— 

4*02 


25 

Jenkins 16 

353*1 ! 

32-6 

32-6 

320*5 

3*93 


30 

Pal 18 

350*3 

33 

33 

3 1 7*3 

3*94 



Rau and Narayanaswamy 5 

*365-1 


— 

— 

4*02 


: 40 

Pal 

343 

33 

33 | 

3 10 

3*95 



Rau and Narayanaswamy 5 

* 353*8 

— 


— 

4*02 


50 

Pal 

335*3 

33 

33 

302*3 

3*96 

Carbon 

20 

Muller 8 

320 

3 1 

3 1 

295 

3*74 

disulphide . 

25 

Williams and Ogg 21 

34 6 

— 


.... 

3* 8 9 


i 

Jenkins 16 

310-0 

32*6; 

32*6 

277*4 

3*66 

Ether . 

2.5 

Higasi 22 

243 

32 ! 

32 

211 

3*2 

Chloroform 

18 

Hassci and Uhl * 




230-5 

3*30 


25 

Jenkins 16 

241*2 

32-5 

32*6 

208*6 

3*17 



Le EtVre and Russell 18 

* 225*3 

33 

33 

IQ2 

3*05 




218 

33 

33 

185 

2-99 

Chlorobenzene 

18-5 

Hassel and Uhl 8 

— 



169*6 

2-83 


25 

Le Fdvrc and Russell 

* r6i*3 

33 

33 

128 

2*49 




158 

33 

33 

125 

2-46 


temperatures only a few degrees apart will be expected to lie almost parallel 
with each other, since the value of a' will not change very rapidly with change 
of temperature. 

In general, however, the most striking result of the application of the method 
has been the degree of accord which has been observed between the results of 
different investigators when these are reduced to a comparable basis, even though 
their published values of /x derived from them may differ quite appreciably. 
This gives grounds for the belief that the method wdl afford more truly com¬ 
parable dipole moment values than have been deduced hitherto. In the present 
communication the method will be illustrated by published measurements on 
solutions of nitrobenzene in various solvents. 

Applications of Method 

Nitrobenzene. —As nitrobenzene is a common compound with a high dipole 
moment, and, moreover, one in which the dipole axis of the molecule lies along 
the axis of maximum polarisability, it has been considered most extensively in 
relation to solvent effects, and measurements on its solutions in a number of 
solvents have been made by several investigators. Recorded data are summar¬ 
ised in Table I, where P f indicates the values derived by the observers by extra¬ 
polation of the P. — f t plot except where otherwise stated. P E and are 
the electronic and total distortion polarisations deduced or assumed by them, 
and Pp and /x are the orientation polarisation and apparent dipole moment, 
respectively, derived from these figures. Where two methods have been used 

* Derived by Hedestrand method 1 or modified Hedestrand method. 1 * 

23 Higasi, Sci . Pap . Inst. Physic. Chem. Res., Japan, 1934, Mt 63. 

28 Hoecker, ]. Chem. Physics, 1936, 4, 431. 



J. W. SMITH AND D. CLEVERDON 115 

for interpreting the measurements the results of both are given. Some early 
results, such as those of Lange, 11 in which the value of P lQ0 in various other 
solvents was virtually assumed to be the same as had been observed for solutions 
in benzene, have been omitted from this list. Nevertheless, there is a great 
variation in the results obtained by different workers using the same solvent at 
the same temperature ; for instance, for solutions in benzene at 25 0 the values 
of Pfi vary from 304 to about 340 cm. 8 , whilst the values of /x reported vary 
from 3*82 to 4*08 D. These variations are as great as those observed on passing 
from one solvent to another, so it is a matter of some importance to investigate 
the causes of the divergences, as only when the results are reduced to a compar¬ 
able basis can any true correlation of P 200 or of p with the characteristics of 
the solvent be expected. 

The application of the method developed in this paper to the data for benzene 
solutions will be considered in detail, whilst the results of similar treatment for 
solutions in other solvents are summarised. 

Solutions in Benzene. —A plot of the recorded values of P t against f % 
shows that the early results of Williams and Schwingel are rather low, whilst 
those of Chang and of Wehrle are very erratic, but the figures reported by other 
investigators all lie on, or reasonably near to, a smooth curve. The fact that the 
extrapolation of this curve has led to such diverse values of P t has arisen prin¬ 
cipally through the extrapolation being based on insufficient data to give a true 
indication of the trend of the P t — f t curve. The collected data suggest that 
a better mean extrapolation would lead to a value of P t00 somewhat higher 
than that of Jenkins but lower than the values deduced by Le Fevre and his 
collaborators i>v the Hedcstrand method. 

The results of applying the method described in this paper to the more con¬ 
sistent series of measurements are shown in Table II, which shows the values 
of €, and found by the observers and the values of a, a', and /3 deduced from 
the experimental data fur the solutions, together with the values of P 9 00 and 
of n derived from the latter. In the calculation of jtx, the value of P E+A has 

TABLE II 


Summarising Data for Solutions of Nitrobenzene in Benzene 


Temp. 

Observers 


r ‘ 


u 

ft 

P «ao 

cin.* 

(1» 

10 

Rau and Narayanaswamy 

2*303 

11254 

LV 41 

7*3 

-0*304 

376*6 

3 * 95 i 

20 

Tiganik 

2-2825 

1-1388 

14*61 

o *3 

-0*314 

3 <>.V 5 

3*954 


Rau and Narayanaswamy 

2*283 

1-1392 

14*73 

<>*5 

-0*314 

368-3 

3*971 

22 

Poltz 

2-280 

I • 1409 

14-22 

1 o-o 

-0*307 

357-8 

3*920 

25 

Le F£vre and Le Fdvre 

2-2725 

1*1445 

14*22 

13*7 

-0-328 

359 *o 

3-948 


Le Fcvro and Russell 

2-2725 ; 

1*1445 

1 4*°5 

1 3*8 

--o-3i<> 

355*7 

3-928 


Le F£vre (combined) 

2-2725 

1*1445 

14-30 

11-3 

-0-31(1! 

36**5 

3-964 


Jenkins 

2*2 72 7 

1*1447 

M *34 

8-o j 

~°\»t | 

361*9 

3-966 


Jenkins (combined) 

2-2727 

1 -M 47 

M ’32 

9 *o 

-0-317 

362*0 

3-967 

30 

Rau and Narayanaswamy 

2-2(»3 

1*1533 

14*04 

5*8 

- 0-323 { 

359*3 

3-983 


Davis and others 

2*2574 

1 * 153 * 

LV 7 * 

9-o 

-0-327 

353*8 

3-949 

40 

Rau and Narayanasw amy 

2*243 

1*1678 

13*37 

4*7 

-0-330 

350*3 

3’991 


been assumed to be 36*2 cm. 8 , the value found by Groves and Sugden for the 
vapour phase. Table III shows the data for the individual solutions, together 
with the values of e l% and t/ 12 calculated by means of the values of a, a' and /3 
deduced. 

Generally speaking, the apparent moments derived in this way are more 
consistent than the values as originally deduced, and, further, the reasons for 
the differences found arc more readily apparent. Thus the high values obtained 
by Rau and Narayanaswamy, not only for benzene solutions but also for solutions 
in some of the other solvents, arise in part from the fact that they used the 
original Hedestrand method of calculation. In addition to this, however, the 
increase in dielectric constant found on passing from the pure solvent to the 
solution was, particularly at low concentrations, greater than observed elsewhere, 
leading to slightly high values of a and low values of a'. 


t4 Jenkins and Sutton, J, Chem. Soc 1935, 609. 
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TABLE III 


Dielectric Constant and Density Data for Solutions of Nitrobenzene 
in Benzene at Various Temperatures 


tf’t y ' 10* 

«n (obs.) 

v lt (obs.) 


Av/u>| 

(calc.) 

i» lt (calc.) 

io° C (Ran and Narayanaswamy) 




4’4 l8 

2*999 

1*1119 

15*75 

- 0*305 

2*998 

1*1120 

5*301 

3*140 

1*1094 

15*79 

— 0*302 

3‘MO 

1*1093 

7*235 

3-436 

1*1034 | 

15*94 

- 0*304 

3-456 

1*1034 

20 0 C (Tiganik) 






0*8366 

2-4051 

1*1362 

14*66 

— 0*31 

2-4051 

1*1362 

1-634 

2*5227 

i*i337 

14*70 

- 0*31 

2*5229 

i*i337 

3*229 

2*7612 

1*1286 

14*82 

- 0*315 

2*7609 

1*1286 

6-372 

3" 2 3 s 5 

1*1188 

15*01 

- 0*314 

3-2385 

i*ii88 


20° C (Rau and Narayanasvvamy) 


4*418 

2-948 

1*1254 

15*01 

— 0*312 

2-948 

1*1253 

5*3oi 

3-083 

1*1226 

15*09 

- 0*313 

3-083 

1*1226 

7’ 2 35 

3-383 

i*i 164 

15*20 

- 0*314 

3-383 

1*1165 

20*7° C (Bergmann, Engel and Sandor) 
0-57481 2-3713 1 i-1373 1 15-43 

- 0*33 


i*i373 

o*9745 

2*43 2 5 

1 • 1360 

L5*3 8 

“ o*33 

— 

1*1360 

1*5013 

2*5085 

i*i343 

15*07 

— 0*326 

— 

1*1343 

4*3 116 

2*9353 

1*1251 j 

15*14 

- 0*327 

— 

1*1251 

22° C (Poltz) 

1*421 1 2*481 I 

1*1305 

14*14 

- 0*31 

2-484 

1-1365 

1*669 

2*521 

1-1358 

14*44 

-0*304 

2*520 

11358 

2*042 

2*574 

1-1346 

H*39 

-0*308 

2-574 

11346 

2440 

2*632 

1-1334 

14*44 

— 0*309 

2*632 

i-1334 

2*691 

2*672 

11326 

14*57 

-0*310 

2*670 

11326 

3*i79 

2*741 

1*1310 

14*50 

-0310 

2*742 

11311 

3-269 

2-756 

1*1309 

I4*5 6 

-0*306 

! 2*756 

1*1308 

25° C (Lc- f-'evre and Kubst-ll) 
5-2872 I 3-0537 I 1-1278 

14*78 

— 0*316 

3*0599 j 

1*1278 

10*525 

j 3*9oii | 

1*1112 

15*47 

— 0*316 

! 3*897 8 

i*ii 12 

10*635 | 

! 3*9239 

1*1108 

15*53 

- 0*316 

1 3*9234 1 

i*i 108 

25° c (Le 

2*516 1 

Fevrc and Le Eevre) 

| 2*6390 | 1*1357 I 

14*56 

- 0*34 

j 2*6395 

1*1363 

3*198 1 

1 2*7411 

1*1344 

14*65 

— 0*316 

2*7411 

i*i344 

3*628 1 

2*8067 

1 i*‘325 1 

14*72 

- 0-331 

2*8062 

i‘i33o 

25 0 C (Jenkins) 

2*396 I 2*6224 I 

1*1366 

14*60 

- 0*336 

2*6208 

1*1367 

2*634 

2*6559 

i*i357 

14*54 

- 0*341 

2*6559 

1*1360 

3*535 

2*7894 

1*1330 

14*62 

~ 0*334 

2*7895 

i*i33o 

4*5io 

2*9356 

1*1299 

14*70 

- 0*328 

2*9357 

1*1298 

5*409 

3*0717 

1*1271 

14*77 

~ 0*325 

3*0716 

1*1268 


25° C (Jenkins and Sutton) 

8*772 3*597 i*ii68 

io*8i 3*928 i*iioi 

2320 4*326 1*1028 

14*19 4*490 1*0999 

18*29 5*224 1*0868 

24*33 6*372 1*0678 

29*25 7*373 1*0524 

30*79 7*704 1*0477 


15*10 -0*318 3*598 

15*3° ~ 0*320 3*926 

J 5’55 -0*317 4*320 

15*63 -0*316 4*487 

16*14 ~ 0*316 — 

16-83 — 0*316 — 

17*44 -0*315 — 

17*64 —0*311 — 


1*1169 

1*1104 

1*1027 

1*0997 

1*0868 

1*0676 

1*0520 

1*0462 
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TABLE Ul—cont. 


Wt x xo* 

«it (obs.) 

v lt (obs.) 

Aelwt 

Avfw t 

«i* (calc.) 

Vlt (calc.) 

30° C (Rail and Narayanaswamy) 





4-418 

2*895 

1*1391 

14*30 

- 0*321 

2-895 

1*1390 

5‘3 OT 

3*024 

1*1361 

M*35 

- 0*324 

3*024 

1*1362 

7*235 

3*309 

1*1299 

14-40 

~ 0*323 

3*309 

1*1299 

30° C (Davis, Bridge and Svirbely) 




o*5953 I 

1 2*3397 

1*15188 

13-82 I 

— 0*318 

2*3397 

1*15182 

0*6930 1 

2-3334 

x*i5 J 4 8 

13-81 

- 0*329 

2*353b 

1*15X50 

0-7430 

2*3609 

1*15141 

*3*91 

- 0*317 

2*3604 

I ‘ I 5 1 34 

0*974° 

2*3921 

1 •15068 

13-83 

“ 0*317 

2*3926 

1*15059 

i*330 

2-443° 

1*14920 

13*96 

- 0*344 

2*4423 

1*14942 

1*720 

2-405 8 

1*14817 

13*86 

— 0*326 

2*4970 

1*14815 

1*846 

2-.3 t 5 , > 

1*14777 

LV99 

- 0*325 

2*5*59 

I ‘ I 4774 

1*922 

2*5254 

J* I 4755 

* 3*95 

- 0*324 

2*5255 

1*14749 

1*971 

2*53*5 

x-14732 

13*91 

— 0*327 

2*53X4 

i*i4733 

2-33* 

2*5828 

1*14013 

13*92 

- 0*327 

2*5846 

1*14613 

3*120 

2*0957 

1*14350 

14*02 

- 0*329 

2*6952 

1*14355 

4**5* 

2*8440 

1* 14012 

14*16 

- 0*329 

2-8433 

1*14020 


40° C (Kau and Narayanaswamy) 


4-418 

| 2*843 ; 

1*1531 

13-58 1 

- o*333 ] 

2*843 

i*X53o 

5*3°x 

I 2* 9<>3 i 

x * 1499 ! 

13-62 j 

- 0*337 j 

2*965 

1*1500 

7*235 

l fill 

1*1435 

1371 j 

- 0-336 

3*235 

1*1435 


On the other hand, the measurements of Jenkins are very regular and the 
c 12 measurements accord well with the later results of Jenkins and Sutton, 24 
which, however, lie beyond the concentration range over which eqn. (2) holds. 
There is, however, a rather abrupt change in the value of the ratio be¬ 

tween the two series ol measurements, a result partly confirmed by the two series 
of measurements of Le Fevre hut not borne out by the data of Tiganik for 20° C 
or of Davis for $o' (*, in both of which series the measurements were extended to 
very low concentrations. The figures shown under Jenkins (combined) in Table 
II are deduced from a mean value of /? for the two series and a value of a derived 
from the figures of Jenkins and the data for the lowest concentration solutions 
of Jenkins and Sutton, and are introduced to show' that the value of a deduced 
is only slightly in error even when results slightly outside the linearity range 
are included. 

The figures of Le F£vre are much more consistent with the other data than 
would be anticipated from the values of P t <x> and jx derived by them. Le Fevre 
and Russell obtained a very low value by extrapolating the P t — ; 2 curve be¬ 
cause they made three measurements only and these' at rather high and not 
widely differing concentrations, so the slope of extrapolated curve was insuf¬ 
ficiently steep. The high values derived by their modified Hedestrand method, 
on the other hand, is due to the circumstance that at the three concentrations 
studied the value of A«/m’ 2 is much higher than at low concentrations, and the 
assumption that this value is the same as at infinite dilution can lead to very 
considerable errors. The values of a, a' and £ derived by considering the two 
series of measurements together are very close to the corresponding figures de¬ 
duced from the measurements of Jenkins and have been used in deriving the 
values of « 12 (calc.) and v l% (calc.) shown in Table III. 

The results of Davis and his co-workers at 30° C appear at first sight to be 
somewhat erratic, but comparison of the observed and calculated values of 
Ci t and i>u shows this to be due to the very low concentration range covered. 

Of the data not analysed here the dielectric constants were recorded to two 
places of decimal only in the results of Williams and Schwingel, Wchrlc, and 
Chang, whilst Hassel and Uhl studied too few solutions of low concentration 
to permit analysis. The c,. values obtained by Bergmann and his co-workers 
are erratic and the values of At/«? t decrease initially with increasing w t but pass 

** Groves and Sugden, J. Chetn. Soc 1934, 1094. 
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TABLE IV— Summarising Data for Solutions of Nitrobenzene in other Solvents 


Temp. 

°C 

Observers 

*1 

Vl 

1 - 
1 

0 

'*•00 

cm.* 

/* 

(D) 

18*5 

Hassel and Uhl 

Toluene 

1 [2-383] 1 [1-1526] 

13*92 

[~0*332] 

340*1 

3*789 

24 

Lange 

2*380 

1 1-159 

13*65 

-0*335 

336*5 

3*802 

100 

Lange 

] 2*204 

1 i'- 2 74 

9*13 

-0*372 

*74*5 

3*704 

20 

Fairbrother 25 

p-X YLENE 

I 2*268 I 1*1614 

14*00 

-0*340 

359*8 

3*920 

40 

Fairbrother 25 

2*234 

I*l852 

I2*6o 

-0*351 

337*6 

3*910 

60 

Fairbrother 26 

2*200 

1*2 106 

ii *45 

-0*367 

319*9 

3*913 

80 

Fairbrother 25 

2*l65 

1*2294 

10*52 

-0*382 

306*6 

3*933 

100 

Fairbrother 25 

2*131 

1*2655 

9*67 

-0*392 

294*2 

3*949 

120 

Fairbrother 25 

2*097 

1*2947 

8*87 

-0*397 

282*3 

3*964 

10 

I Rau and Narayanaswamv 

Cyclohexane 

I 2*039 I 1*2692 

12*88 

-0*425 

396*8 

4*066 

20 

Rau and Narayanaswamy 

2*023 

1*2845 

12*30 

-0*430 

387*3 

4*083 

25 

Jenkins 

2*016 

1*2922 

11 • 36 

- 0*434 

362*8 

3*972 


Jenkins and Sutton 

2*016 

1*2922 

11*38 

-0*445 

363*i 

3*973 

30 

Rau and Narayanaswamv 

2*007 

i*3°°4 

11*71 

-0*441 

376*8 

4*090 

40 

Rau and Narayanaswamv 

1*99 2 

i-3J<>5 

11*15 

-0*450 

366*7 

4*094 

25 | 

Jenkins | 

Decalin 

2-1624 I >-*353 ! 

13*43 1 

1 -0*284 | 

354*4 1 

I 3*922 

0 

Miiller 

Hexane 

i-922 I 1-4593 I 

io*45 

-0*635 

390*0 

l 3*956 

10 

Rau and Narayanaswamv 

1*923 

1*4518 

io*54 

— 0*646 

390*6 

4*031 

20 

Muller 

1*912 

i*4573 

10*06 

-0-643 

377*2 

4*023 


Rau and Naravanaswamy 

i'9°7 

i*47i5 

IO*II 

— 0*670 

382*8 

4*057 

25 

Williams and Ogg 

1*904 

1*4706 

9*12 

— 0*649 

34«*4 

3*887 


Jenkins 

1*887 

i*5ii7 

9*50 

-0*703 

373*9 

4*038 


Jenkins and Sutton 

1*887 

i*5H7 

9*20 

-0*7013 

362*7 

3*969 


Jenkins (combined) 

1*887 

1*5117 

9*50 

~ 0*701 

373*8 

4*038 

30 

Rau and Naravanaswamy 

1*892 

1*4919 

9*62 

— 0*697 

373*1 

4*091 

40 

Rau and Narayanaswamy 

1-877 

1*5124 

9*10 

-0*713 

360*4 

4*055 

10 

Rau and Narayanaswamy 

Heptane 

1-928 I 1-3957 I 

11 *08 

-0*587 

393*7 

4*049 

20 

Rau and Narayanaswamy 

1*915 

1*4122 

io*55 

-0*590 

382*7 

4*056 

30 

Rau and Nasanayaswamy 

1*902 

j 1*4292 

10*03 

-0*599 

37i*4 

4*057 

40 

Rau and Narayanaswamy 

1*889 

!*4476 

9*5i 

“-0*625 

359*3 

4*048 


20 

40 

60 

80 

100 

120 


10 

20 

30 
30.1 
40 


Decane (Di-isoamyl) 


Fairbrother 25 

i -<>83 

1*3822 

10*71 

“ o *545 

369*8 

Fairbrother 25 

1-956 

1*4120 

9*83 

— 0*550 

353*2 

Fairbrother 25 

1*928 

1*4440 

8*88 

—0*584 

332*0 

Fairbrother 25 

1*901 

1*4782 

8*19 

— 0*6 n 

318*5 

Fairbrother 26 

1'873 

i* 5 M 9 

7*51 

-0*632 

304*6 

Fairbrother 26 

1-846 

1*5540 

6*88 

- 0*646 

291*5 


Dioxan 


Rau and Narayanaswamy 

2*353 

0*9612 

17*84 

— 0*144 

365*5 

Rau and Narayanaswamy 

2*328 

0*9716 

17-00 

— 0*138 

357*2 

Rau and Narayanaswamy 

2*3035 

0*9825 

16-18 

— 0*14I 

348*4 

Davis and others 

2*1965 

0*9784 

l 5 - 4 8 

-0*U8 

347*1 

Rau and Narayanaswamy 

1 2*278 

0*9936 

I 5 - 3 & 

- 0-143 1 

339*3 


3*980 

4*012 

3*W 

4*018 

4*028 

4*032 


3*88o 

3*904 

3*915 

3*907 

3*921 
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TABLE IV.— coni. 



Carbon Tetrachloride 


10 

Pal 

2*245 

0*6198 

27*10 

0*194 

373*6 

3*934 

10 

Rau and Narayanaswamy 

2*256 

0*6203 

27*51 

0*189 

377*3 

3*946 

20 

M tiller 

2*236 

0*6274 

25*50 

0*202 

359*1 

3*915 


Pal 

2*224 

0*6273 

25*80 

0*191 

364*2 

3-947 


Rau and Narayanaswamy 

2*237 

0*6277 

26*18 

0*196 

367*7 

3-967 

25 

Jenkins (combined) 

2*2277 

0*6310 

24*99 

0*194 

355*2 

3-925 

30 

Pal 

2*203 

0*6350 j 

24*45 

0*192 j 

355*7 

3 - 96 i 


Rau and Narayanaswamy 

2*218 

0*6355 j 

24*83 

0*196 i 

357*2 

3*970 

40 

Rau and Narayanaswamy 

2*199 

0*6434 

23*59 

o*rgi 

347*0 

3*970 


Pal 

2*185 

0*6429 

23*25 

0*190 ; 

344*5 

3*954 

50 

Pal 

2*163 

0*6510 

22*28 

0*189 

33 * 1 

3*975 


Carbon Disulphide 


0 

Muller 

2*694 

0*7741 

24-0 

0*081 1 

349*4 

3*722 

20 

M tiller | 

2*640 

0*7916 

21*0 

0*060 : 

322*2 

3-685 

24 

Lange 

2*018 

0*8026 

20*42 

0*014 I 

319*0 

3-689 

2 5 ; 

Jenkins (combined) 

1 2*6328 1 0*7963 1 

Chloroform 

20*20 

0*055 i 

313*7 

3*661 

25 | 

; Le Fevre and Russell j 

■ 17 -Mo 1 

o*6S ir 1 

| 30*50 j 

j 0*134 ! 

1 225*3 

1 3*021 

! 

! Jenkins 

1 4*7219 ! 0*0758 

Ether 

1 33*75 i 

I 0*136 

1 -Mf« 

13-150 

^5 | 

Wehrle 

! 4*55 

' 1*4049 

; * 3*7 

j — 0*626 

! 217-7 

1 2*960 

1 

Iligasi 

i 4*25 I i* 4 M 9 

Chlorobenzene 

S 15*12 

i —0*640 

: 247-6 

! 3-196 

25 | 

| Wehrle 

1 5*22 

, 0*9093 

9*96 

, -0*058 

' - 5 M 

2*075 

1 

j 

Le Fevre and Russell 

j 5-6120 

! 0*90839 

17*10 

1 

0 

d 

-~4 

i l6l*0 

| 

2*455 


through a minimum and then increase, suggesting that the value taken for Cj 
is too low compared with the *, 2 values. 

Solutions in Other Solvents.— A summary of the results obtained by 
treating the experimental data for solutions of nitrobenzene in other solvents 
by the new method is shown in Table IV As in the case of benzene, the results 
generally confirm the tendency for the apparent moment to increase with rise 
of temperature, i.e. with decreasing c,. although there are a few anomalies. 
There are only scanty data for toluene solutions, including very few measure¬ 
ments at low concentrations, but these are as consistent as can be expected 
under the circumstances. The measurements of Fairbrother on solutions in 
/>-xylene lead to the conclusion that in this solvent p is lower than in benzene. 
Of the series of measurements on hexane solutions only Jenkins and Jenkins 
and Sutton specify that the w-isomer was used, the other measurements having 
been made, presumably, in an isomeric mixture. This tnav account for the great 
differences of density of the pure solvent quoted by the various investigators. 
The results of Muller and of Jenkins show close accord, but the rate of increase 
of « u with concentration found by Rau is, in this case and also in cyclohexane 
and carbon tetrachloride solutions, appreciably higher than found by other 
observers. Ilis figures for heptane solutions indicate that the apparent moment 
is practically the same as m hexane, whilst Fairbrother's data for decane 
solutions, which are sufficiently consistent for p to be calculated approximately 
from them, although two solutions only were studied, suggest that in that solvent 


w Wehrle, Physic . Rev., 1931, 37, 1133, 
17 Fairbrother, J. Chem. Soc., 1934, 
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H is only slightly higher than in benzene. The revised method of calculation 
brings the results of Rau and of Davis for dioxan solutions into line, although 
the values given by Rau are much too high and suggest that he may have 
used a wet sample. Of the other results the most surprising discrepancy 
appears in the figures for solutions in chloroform at 25 0 C as determined by 
Jenkins and by Re Eevro and Russell, respectively. Although their c x values 
differ by only about 0*002, their v t values differ by 1 % and the values of a derived 
from their e, 2 data by 10 %. This system evidently requires re-investigation, 
as do solutions of nitrobenzene in ether and in chlorobenzene where extremely 
contradictory results have been reported. 


Discussion 


An analysis of the probable values of P 2 and of ft at 25 0 C in the various 
solvents considered is given in Table V. The most striking feature is 
that, with the exceptions of benzene, xylene and chlorobenzene, the values 
of P 2 oo not only decrease regularly with increasing but, as has been 
pointed out by Sugden and others, the decrease is almost linear with 
(«i — j)/(e 1 -f 2). Also, as was indicated by Goss 28 the values of P t 
for solutions of various concentrations in hexane, decalin, cyclohexane 
and carbon tetrachloride, when calculated on the assumption that P, 
remains unchanged with concentration, all fall near the same curve when 
plotted against e 12 or (e 12 — i)/(e 12 -f 2), although the curve in the case 
of the latter function is more linear than is indicated by the relationship 


P 


2 


- A - B . 


c i ** 1 

C 12 4- 2 


B {€ -PL~~ — 2 

(«l. + ^) 2 ‘ 


then suggested by Goss. 


TABLE V.— Provable Values of the Apparent Molecular Polarisation 
at Infinite Dilution and Apparent Dipole Moment of Nitrobenzene 
in various Solvents at 25°C 




(nn.») 

t* (B) 

w-Hexane .... 

i -«»7 

37.V 8 

4-038 

Decane (di-iseamvl) . 

D97O 

300*2 

3*984 

Cyclohexane .... 

2*0 J 0 

362*8 

3*972 

Decalin ... 

2* I 02 

354*4 

3*922 

Dioxan ..... 

2*204 

352*8 

3*910 

('arbon tetrachloride . 

j 2 * 22 * j 

355*2 

3*925 

^-Xylene ..... 

; 2 * 2 Oo 

354*3 

3*917 

Benzene ... 

i 2*273 

362*0 

3 * 9^7 

Carbon disulphide 


313*7 

3 * 60 1 

Ether ..... 


247*6 

3*196 

Chloroform .... 

4*722 

241*8 

3 * J 5 ° 

Chlorobenzene .... 

5-612 

iOro 

2*455 


As against this, the values of P 2oo for solutions in benzene and xylene 
calculated on the same assumption are higher than would be expected in 
comparison with other solvents and the scanty data for toluene suggest 
that the value for this solvent is also anomalously high. If the value 
of P x for these solvents decreases with increasing c 12 the true values of 
P*00 are even higher still. On the other hand, the value for chloro¬ 
benzene is lower than would be expected in relation to other polar solvents 
of high or even in relation to liquid nitrobenzene itself. One is led to 
infer, therefore, that c J2 is the dominating but not the exclusive factor 
in determining the molecular polarisation of a solute. Further than this, 
hovrever, the precision with which the value of P t in several solvents 


,# Goss, J. Chem. Soc. t 1935, 502. 
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depends on the < ja of the solution and is almost independent of the chemical 
nature or physical shape of the solvent molecule, appears to be too exact 
to be coincidental. Hence it seems that these should be regarded as 
“ normal M solvents and the other solvents as more or less abnormal. 

In his later study, Goss** 8 using the method of intercepts, recalculated 
the values of P % for nitrobenzene in carbon tetrachloride solutions on the 
assumption that P x also varies with e ia . Such treatment has been applied 
to the solutions in other solvents by a modification of the extrapolation 
method described in this paper, in which the solutions are regarded as 
comprising solute in a solvent consisting of a solution of lower con¬ 
centration. When the figures of Jenkins and Sutton are treated by this 
method they lead to a series of more or less parallel curves, but in no 
instance do the curves for two solvents coincide with one another, so it 
is to be inferred that if such treatment is correct, there is a strong specific 
factor in each case dependent on the solvent itself which determines the 
rate of change of P t with concentration. The curve for carbon tetra¬ 
chloride solutions lies in the midst of the others and there is nothing to 
suggest that it represents any more fundamental behaviour than in the 
other cases, such as might be anticipated from the symmetry of its mole¬ 
cule. As this state of affairs is much more complex than would be anti¬ 
cipated from the variation with e 12 of the values of P aoo for the various 
solvents, which remain unchanged on the basis of the intercept method, 
and the values of P t at finite concentrations as deduced by the more usual 
method, one is led to doubt the applicability of the intercept method to 
this problem. The limitations imposed by the method have been dis¬ 
cussed by one of us elsewhere. 30 

Department of Chemistry, 

Battersea Polytechnic, 

London, S.IF.n. 

28 Goss, J. Chem. Soc., 1937. I9*5* 

30 Smith, Sci. Pro *., 194S, 36, 492. 


ELECTROMETRIC MEASUREMENT OF THE 
FREE ENERGY OF FORMATION OF 
NAPHTHALENE PICRATE 

By R. P. Bell and J. A. Fendlky 
Received 21st September , 1948 

The free energy of formation of naphthalene picrate from its solid com¬ 
ponents has been determined by a direct electrometric method and found to be 
2070 cal./mole at 25 0 C, in good agreement with other measurements. 


If an excess of solid naphthalene picrate is shaken with water it partly 
decomposes to give solid naphthalene and a solution of picric acid of fixed 
equilibrium concentration. It was pointed out by Bronsted 1 that the 
affinity of formation of naphthalene picrate from its solid constituents 
could be obtained from the e.m.f. of two cells of the type, 

Hydrogen electrode | Picric acid solution | Picrate electrode, 
one containing a solution saturated with picric acid and the other a solution 
1 Brbnsted, Z. physik. Chem., 1911, 77, 284. 
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in equilibrium with solid naphthalene picrate. Brdnsted suggested using 
a mercury-mercurous picrate electrode, but was not able to carry out 
measurements because the hydrogen electrode was depolarised by re¬ 
duction of the picric acid : he was therefore compelled to use an indirect 
and laborious electrometric method. The present paper describes a 
direct determination using a mercurous picrate electrode and a glass 
electrode in place of the hydrogen electrode. 

Naphthalene picrate was prepared by mixing alcoholic solutions of 
the two components, and the saturated aqueous solutions were obtained 
by rotating excess of picric acid or naphthalene picrate with water for 
16 hr. at approximately 25 0 C. No description of mercurous picrate 
could be found in the literature. It was precipitated as yellow needles 
by mixing solutions of sodium picrate and mercurous nitrate, washed with 
water, alcohol and ether, and dried in air. It deflagrates on heating, but 
could not be made to detonate. The mercurous picrate electrode was 
made by spreading a thin layer of solid over a pool of mercury, and the 
solutions investigated were shaken with mercurous picrate before use. 
Inter-comparison of several of these electrodes using the same solution 
of picric acid and a Tinsley potentiometer showed differences of less than 
o*2 mV. The measurements with glass electrode were made with a 
Cambridge bench pH-meter. The e.m.f. was recorded to 0*5 mV, and 
the same glass electrode was used alternately in rapid succession in the 
two cells, thus minimising errors due to asymmetry potentials and in¬ 
stability of the measuring circuit. The following values were obtained 
for the difference in the e.m.f. of the two ceils : 89, 90, 00, 88*5, 90*5, 
90, 89*5, 90-5 mV ; mean 90 mV. This corresponds to a free energy 
of formation of 90 x 23*0 — 2070 cal./mole at 25 J C. This value agrees 
exactly with the data of Bronsted, who gives 2050 cal./mole at 20° with 
a temperature coefficient of 4 cal./mole degree, and is in reasonable agree¬ 
ment with the less accurate value of 2080 cal./mole at 3° C obtained by 
Brown 2 from cryoscopic measurements in nitrobenzene. 

Physical Chemistry Laboratory, 

Oxford. 


2 Brown, J. Chem. Soc., 1925, 345. 


REVIEWS OF BOOKS 

Natural Philosophy through the Eighteenth Century and Allied 
Topics. (Commemoration Number to mark the 150th Anniversary of 
the foundation of the Magazine.) Edited by Allan Ferguson, M.A., 
D.Sc. (Taylor and Francis Ltd., 18 Red Lion Court, E.C.4, 1938. 
Pp. viii -j- 164. Price 15s.) 

This commemoration number of an 44 institution " like the Philosophical 
Magazine is an event of much more than passing interest, the kind of 
congratulation that observes with a nod that Number One-hundred- 
and-fifty has been reached. It is nothing less than proof positive of the 
robust condition of an enterprise that has knowm cloudy skies, dark and 
even crucial days. For what it has done, for what it is, and for what 
it yet may be, we proffer our felicitations and greetings. 

The contents of this Festschrift are distinguished, both in themselves, 
and on account of those who have written them. They deal with the 
development of Natural Philosophy during the Eighteenth Century, 
and thus bring the reader squarely up to the year 1798, when that resolute 
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graduate of Glasgow Alexander Tillock (nd Tullock) founded the Philoso¬ 
phical Magazine . It is needless to recite the list of names—proprietors 
and editors—who have guided it since then : in their several generations 
they provide evidence enough of the undiluted distinction upon which 
it has been possible to draw. And for the most part, this is true of the 
contributors no less. It is interesting to note that Sir J. J. Thomson 
published his first paper in the " Phil. Mag./’ and also his last. “ J. J.” 
was ever a friend of the goings-on at the top of the stair in Red Lion Court. 
Never, probably, in the history of science has a privately-owned and 
sponsored periodical commanded such a galaxy of talent. 

We approach now what is before us in this special issue : papers on 
the magazine itself, on astronomy, physics, chemistry, mathematics, 
engineering and invention, and scientific instruments in the seventeen- 
hundreds. In addition are contributions dealing with scientific periodicals 
and societies, and the teaching of the physical sciences. One and all, 
they tell of unrelenting thought, experiment and movement, fitful at 
times, but never retrograde. 

Into such a world, Tilloch brought his new venture. Its outstanding 
characteristic was its atmosphere of scholarship ; specialisation had not 
yet started to erode beauty of expression and versatility of interest, 
Kelvin's inaugural lecture at Glasgow University was composed and 
delivered in Latin. It is significant than an obituary notice of him, by 
the late Sir Joseph Larrnor was considered by its author as his finest 
literary composition. All of which goes to show the store set upon style 
by these giants of the past. 

Natural philosophers in those days assuredly did not lack physical 
courage : the study of electrostatics (ahead of electrodynamics) needed 
evidence of static charge, and shocks—often quite heavy ones—were 
the commonly accepted method of interpreting “ feeling is believing." 
All of which puts one in mind of William Stukeley, who matriculated 
at Corpus (Cambridge) in 1704. “ I often prepared the pulvis fulminans,” 

he wrote, 41 and sometime surprized the whole college with a sudden ex¬ 
plosion. I cur’d a lad once of an ague with it by a fright." As the Laurence 
Professor observed a full two centuries later-— 44 Young Stukeley was a 
thorough scientist." 

Those were great days ; experimentalists w^ere a little amateurish 
perhaps, and not always prudent, but they were accumulating potential 
and paving the way for the advent of the Philosophical Magazine. 

The concluding contribution, that on scientific education at the end 
of the century is most illuminating, and not a little appropriate. Dr. 
Sherwood Taylor tabulates the kind of higher instruction, starting from 
none whatever, that men of science received. If formal courses came their 
way, they were in mathematics or in medicine. The upshot, as might 
be expected, appears to be that innate ability is impervious to method, 
and emerges triumphant, come what may. One interesting point is that 
technology made a brave show during the period under review ; lack of 
academic training seemingly counted for little. 

Much of this is relevant to our present distress. It is not the task of 
a reviewer however to draw the moral, obvious as it is, but to return whence 
we set out, in wishing these great pages " many happy returns of the 
day." 


F. I. G. R. 
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Handbook of Textile Technology No. 3. The Identification of 
Textile Materials. (The Textile Institute, Manchester). Pp. 
io. Price 5s.) 

This handbook is the work of a committee under the chairmanship 
of Mr. J. M. Preston, the members of which are concerned with fibre 
identification. It is published as a Tentative Textile Specification and 
comments and suggestions for its improvement are invited. 

In addition to the few pages of text which are written concisely, the 
book contains four tables (A-D) of which A and B remind one of those 
used in qualitative chemical analysis. Tables A and B are for a prelimin¬ 
ary analysis of fibres. Table A being devised for use without a microscope, 
Table B with a microscope. Table C is an extensive one giving the 
reactions of different fibres in twenty different tests, most of these being 
based on staining and solubility, and illustrates the complications which 
may now beset one in the identification of textile fibres. It would have 
been helpful if the specific or more important tests for individual fibres 
had been set out in heavy type. Table D introduces a somewhat novel 
feature in that the variation in the density of the fibres is used as a sorting 
test. The fibres cut into short lengths are immersed in liquids of varying 
density and sorted into groups according to whether they float or sink. 

The handbook contains twenty-five plates showing photomicrographs 
of longitudinal and cross-section of various fibres, the originals being 
supplied by Messrs. Courtaulds Ltd., the British Cotton Industries 
Research Association, and the Wool Industries Research Association. 
The text contains interesting material on chemical and physical properties 
of fibres, a major part being devoted to the description of the various 
rayons. Among interesting features are methods for detection of urea 
and formaldehyde in crease-resist treated fabrics, detection of titanium 
in delustred materials, the cutting of cross-sections, notes on mounting 
of sections and a table giving the dimensions of vegetable fibres. 

The handbook should prove of value to all concerned with the tech¬ 
nology of fibres and represents the combined experience of many ex]>erts 
giving a large amount of useful information in an amazingly small compass. 

J. B. 
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THE ENERGIES OF 

VAPORISATION, VISCOSITY AND COHESION AND 
THE STRUCTURE OF LIQUIDS 

By L. Grunberg and A. H. Nissan 
Received i gth September, 1947 ; as revised 3rd August, 1948 

According to the type of forces which exist between molecules, liquids may 
be classified as non-polar and polar. In the former only dispersion forces are 
active, whilst in the latter dipole interaction plays an important part. In polar 
liquids dipole interaction is counteracted by thermal motion. Thus at low 
temperatures dipole interaction may lead to the formation of stable molecular 
aggregates, whilst at higher temperatures it may manifest itself only by hindrance 
to rotation. Steric factors such as the accessibility of the dipoles are also of 
primary importance. 

For non-polar, and for polar, unassociated liquids it is found that the free 
energy of viscosity equals the work of cohesion, whilst for polar associated liquids, 
the energy of viscosity is greater than the work of cohesion. The difference be¬ 
tween these energies can be attributed to the energy of association per bond. 
In vaporisation, all the bonds are broken and the ratio between the energy of 
vaporisation and the energy of viscosity or the work of cohesion gives the statis¬ 
tical value of the number of bonds per molecule. This value is generally found 
to lie between 3 and 4. 

Polar, associated liquids can be grouped into two distinct classes. If un¬ 
associated in the vapour the energy of vaporisation contains the energy of dis¬ 
sociation and the ratio E v jE y i„ c describes the arrangement of the molecules. 
If the vapour is associated, the ratio E v jW e gives an indication of the symmetry 
of the arrangement. 

From the difference between E viac and W e and the dipole moment, the degree 
of association can be determined. This calculation was carried out for water 
and alcohols. Esters are found to be unassociated, in spite of the high value 
of the dipole moment. This is due to steric inaccessibility of the dipoles. 
Amongst the ketones, only acetone is partly associated at ordinary temperature, 
whilst higher ketones are found to be unassociated. 


1. Introduction 

At present the most convenient way of studying the structure of 
liquids is by means of X-rays or by means of model experiments in deter¬ 
mining the distribution function. Both these methods give the probability 
of finding the centres of other molecules at a certain distance from a 
central molecule. The interpretation of the results is very difficult and 
still rather controversial. It may, therefore, prove fruitful to try an alter¬ 
native approach to the problem. In a liquid the molecules are restricted 
from developing the full kinetic motion by the interaction with neighbouring 
molecules. In investigating to what extent the full development of kinetic 
motion is restricted, it may be possible to gain insight into the structure 
of liquids. We have three methods by means of which this can be 
measured: 

(1) by measuring the energy required to vaporise a molecule, i.e. to 
impart to a molecule the full kinetic motion by transferring it into 
the vapour phase; 

(2) by measuring the energy content of the surface of a liquid, since 
this energy derives from the energy necessary to form a surface ; 
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(3) by measuring the energy required to transfer a molecule in the 
liquid from one equilibrium position to another. This energy can 
be deduced from the variation of the coefficient of viscosity with 
the temperature. 

In the absence of a rigorous mathematical treatment of the liquid 
state a number of postulates and assumptions will have to be made. 
These can only be justified by the fact that they help to explain certain 
phenomena in a reasonable way ; but they cannot claim absolute or 
general validity. Thus, for example, only molecular liquids will be con¬ 
sidered in which the interaction between particles in the liquid is due to 
secondary valence forces. Liquids in which ionic forces are prevalent 
and metallic liquids will not be considered in the present work. 


2. Assumptions 

It is thought useful to state explicitly the assumptions and definitions 
we accept as the basis of the present work. 

The attractive forces between molecules are assumed to arise from— 

(1) The dispersion effect, which is a temperature-independent function 
of the distance between molecules, their polarisabilities and ionisation 
potentials. 

(2) The orientation effect 1 of molecules possessing permanent dipole 
moments. The potential for the parallel position is given by the 
approximate equation. 

V(r) = - .(1) 

For the antiparallel position it is taken to be 


V(r) - - 


Y 8 ' 


( 2 ) 


where ^ and /x 2 are the dipole moments of the molecules and r is the 
distance between the centres of the dipoles. 

(3) The induction effect 2 which is given by 

= «F.(3) 

and V(r) = - .(4) 

where ^ is the induced moment acquired by a molecule of polarisability 
a when placed in an electric field of strength F and is the moment of 
the inducing dipole. 

Depending on the magnitude and nature of the attractive forces, 
molecules of liquids will show variable degrees of being “ associated ” 
in clusters. 

On the basis of the above assumptions and the fact that melting of 
solids results in only small (io to 20 %) increase in specific volume 
(excepting water and a few other materials which contract), we arrive 
at a model of a liquid, in which the arrangement of the molecules does 
not differ materially from that of the corresponding solid, except in the 
following respects. 

(i) The arrangement of molecules in repeating unit cells is localised 
and the symmetry is lost over large distances. Whilst, therefore, it would 
be incorrect to speak of a molecular lattice in liquids, it is quite justified 
to assign to every central molecule an average number of “ nearest neigh¬ 
bours/' From the abundance of unoccupied sites and from the short 
range of the order it is clear that the number of nearest neighbours has a 
statistical value if averaged over the whole liquid and need not necessarily 
be a whole number. The symmetry of the “ unit cell " does not perpetuate 

1 Keesom, Physik Z., 1921, 22, 120, 643 ; 1922, 23, 225. 

* Debye, ibid., 1920, 21, 178 ; 1921, 22, 302. 
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itself throughout the liquid, but is lost a few molecular diameters from the 
central molecule. 

(ii) The arrangement is limited in time as well as in space. Molecules 
continuously leave and joint the clusters. 

(iii) Whilst in the solid the existence of unoccupied sites is the ex¬ 
ception, the number of “ holes " 8 has a definite statistical value in the 
liquid. 

(iv) Whilst in the solid the rotation of the molecules is to the greatest 
extent restricted, in the liquid (except for those liquids in which strong 
orientating forces are operative) the rotational degrees of freedom are not 
impaired. This fact may be responsible for the higher specific heat of 
the liquid as compared with the solid and also leads to the following im¬ 
portant simplification in the treatment of the liquid. If free rotation 
of the molecules of a liquid can be assumed, then the volume swept by the 
rotating molecule will, in the simpler types of liquid, approach spherical 
symmetry. The description of the arrangement of the molecules as that 
of spherical particles, approaches the actual conditions to a greater extent 
in the liquid, than it would in the corresponding solid. 

These form the basic assumptions for the present work. Before 
proceeding to the exposition of the use of the three energies of vaporisation, 
cohesion and viscosity in elucidating the structure of the liquids, these 
energies will be briefly defined and explained. 

3. Definitions 

The Energy of Vaporisation.—The internal energy only will be con¬ 
sidered, i.e. the energy required to vaporise one mole of the liquid at 
constant volume. It is therefore defined by the equation, 

£„ = M(l - p(v, - v,)) . . . . (5) 

where E v = the internal molar latent heat of vaporisation, M = the 
molecular weight, l = the latent heat of vaporisation per gram of liquid, 
p = the vapour pressure, v„ ~ the specific volume of the vapour, v x = the 
specific volume of the liquid. E v thus equals the molar latent heat minus 
the work of expansion from the liquid to the vapour volume. 

Certain limitations exist for polar liquids. If, in the process of vapor¬ 
isation, the molecular aggregates, due to the directed polar forces are 
dissolved, then E v contains the increments due to all three types of attrac¬ 
tion, the dispersion, the orientation and the induction effects. If, however, 
the molecular aggregates are so stable that the vapour contains also 
associations of, say, two molecules, E p contains a fraction of the polar 
increments, this fraction being determined by the degree of association 
in the liquid and in the vapour. If the degTee of association is the same 
in the liquid and in the vapour, then E v measures only the increment of 
the potential energy due to the dispersion forces. 

Ev frttd Bonds between Molecules.—The potential energy may be 
considered localised in definite bonds between molecules and a certain 
bond strength can be assigned to the field existing between a pair of 
molecules in interaction. Let the central molecule be surrounded by 
n nearest neighbours and the potential energy between the central mole¬ 
cule and the neighbours be equal to E v . Since every bond belongs to 
two molecules the average bond strength is given by the equation : 

Bond strength = 2 EJn .(6) 

This relation will be used later when different symmetrical arrange¬ 
ments of the molecules will be considered. 

The Work of Cohesion.—This quantity has been defined by Harkins 4 
as: Work of cohesion = 2 x surface energy . , . (7) 

* Eyring, J. Chtm. Physics , 1936, 4, 283. 

4 Harkins, /. Amer. Chem. Soc. t 1921, 43**35. 
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In order to transform the work of cohesion into a molar quantity an a 
priori knowledge of the arrangement of the molecules in the surface layer 
is required. This knowledge is, however, not available and a simple 
a priori assumption must be made for this purpose. 

Let y = the surface energy in cal./unit area, N = Avogadro's number 
and V = the molar volume. If the volume per molecule is given by 
V/N, then the number of molecules per unit surface area of liquid is given 
by (Af/F)t. The surface energy per molecule will be yKt/iVt and the 
molar surface energy yMV%. From (7) we can now derive the work of 
cohesion, W ct i.e. 

w c = 2 Y mv i.(8) 

Polar, associated liquids again require special consideration. In such 
a liquid an imaginary plane (passing between, but not through individual 
molecules) will pass through and between associated complexes. If the 
plane of surface formation follows the imaginary plane, then the formation 
of the surface will cause the dissociation of the associated complexes 
through which the plane passes. The surface tension (and therefore W c ) 
of such a tresh surface would be greater than if surface formation would 
occur without dissociation. The lifetime of the “ dissociated ” molecule 
can only be of the order of io -12 sec. before it enters again into an associ¬ 
ated complex. This means that the surface tension of a freshly formed 
surface of an associated liquid may be higher than that of the “ aged " 
surface after io~ 12 sec. The work of cohesion calculated from the ordin¬ 
arily measured surface tension will not contain increments of energy 
due to the dissociation of associated complexes (i.e. the increments of 
the orientation and induction effects). The alternative consideration 
that surface formation occurs without dissociation leads to the same result. 

It can, therefore, be concluded that whilst for non-polar and polar, 
unassociated liquids the molar work of cohesion measures the strength 
of the bonds broken when the surface is formed, for polar associated liquids 
it does not contain the dissociation energy increments of these bonds. 

The Number of Bonds Equivalent to Wc- —The number of bonds 
which are broken in the process of surface formation will depend on the 
geometrical arrangement of the molecules. Considering different arrange¬ 
ments in a unit cell round a central molecule we can stipulate that the 
energy of surface formation will be equal to the energy of the smallest 
number of bonds which have to be broken in order to “ uncover " the 
central molecule. For the simpler types of molecular arrangements 
such as tetrahedral (co-ordination number 4) and octahedral (co-ordina¬ 
tion number 6), the breaking of a single bond is sufficient to create the 
surface. For more complicated arrangements such as cubic body-centred 
(co-ordination number 8), cubic close-packing (co-ordination number 12), 
hexagonal close-packing (co-ordination number 12) we must consider the 
smallest number of molecules which have to be removed from the unit 
cell in order to uncover the central molecule and also to what extent the 
other molecules forming part of the unit cell are affected by this process. 
With models one finds that the smallest number of molecules which have 
to be removed from the unit cell in the formation of a surface are 2 for 
cubic body-centred, 3 for cubic close-packing and 3 for hexagonal close¬ 
packing. In counting the number of bonds broken per molecule uncovered, 
1 bond is broken in cubic body-centred, 1*5 bonds in cubic close-packing 
and 1*5 bonds in hexagonal close-packing. The value of W e thus cor¬ 
responds to the energy of 1, 1-5 and 1*5 bonds respectively. It must, 
however, be remembered that calculation of W e according to eqn. (8) gives 
an approximate value of that quantity, which may differ by a factor of 
the order of unity from the value characteristic of the different geometrical 
arrangements. Since the knowledge of the arrangement of the molecules 
is not available, eqn. (8) was used for a priori calculations of W e . The 
general conclusions are not affected to any great extent by the ap¬ 
proximate nature of eqn. (8). 
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The Energy of Viscosity.—The viscosity of liquids can be represented 
by an equation of the type : 

V = K^(T, v)e*W», 

where 17 = the coefficient of viscosity, K = a constant characteristic 
of the liquid and <h(T,v) and p t (T, v) are functions of the temperature 
and volume. If the empirical data are examined it is found that for normal 
liquids both functions vary only slightly with the temperature and the 
volume, so that a simplified equation, 

rj — Ae E ' /l *cl RT . .... (9) 

can be used. The fact that A and Ev u c are nearly constant for normal 
liquids can be ascertained by plotting log rj against i/T. This yields, in 
most cases, very nearly a straight line. Polar, associated liquids yield 
lines of appreciable curvature. 

Eqn. (9) was first proposed by de Guzman. 5 Most theories on 
the viscosity of liquids agree on the fact that an exponential term of the 
form e Evi9(i l RT should be used. The mechanism of viscosity in the light 
of the structure of liquids considered in the present work will be made 
the subject of a future publication. At present it is sufficient to discuss 
the significance of the term E v i« c as considered by previous workers. 
According to Andrade, 6 E v i« c is the energy of interaction between a pair 
of molecules of the liquid. Frenkel 7 considers E v i 8C to be the energy 
required to liberate a molecule from the sphere of co-ordination and to 
effect a jump into a new equilibrium position. Numerous attempts 1 have 
been made to relate E v i*c to van der Waals' constant a, to the latent 
heat of vaporisation 6 * 8 to the internal pressure 8 and to the latent heat 
of fusion. 10 These theories seem to indicate that E v t 8C represents the 
energy required to break certain bonds between molecules. This process 
is thus analogous to that of surface formation and one may expect some 
definite relationship between E y j BC and W e . If the values of W c cal¬ 
culated according to eqn. (8) are compared with the values of Evisc 
obtained from the tangent of the curve log 77 against i/T, they are found 
to be nearly identical. 11 For polar, associated liquids, Ev isc is greater 
than W e . As has been pointed out, W f does not contain the increments 
of bond energy originating from the orientation and induction effects. 
Unless one assumes that a different mechanism of flow exists for polar 
and non-polar liquids (which is unlikely), important conclusions can be 
drawn from the inequality of E v i 8C and W e for polar associated liquids. 

(i) Since for these liquids E V \ BC is greater than W t the difference 
between these energies can be attributed to the energy of dissociation. 

(ii) The transfer of molecules in the viscous flow of liquids may, at 
least in part, be a unimolecular process, since the energy of dissociation 
forms part of the energy of activation of that process. 

(iii) The fact that the energy of dissociation is contained in E v ig C 
explains the curvature of the graphs log 17 against i/T for associated 
liquids. The energy of dissociation will decrease with the degree of 
association which will vary considerably with the temperature. 

4. The Structure of Liquids 

The Geometrical Arrangement of Molecules and the Relationship 
between the Three Energies.—It has been shown that the relationship 
between E v and bond strength is given by 

Bond strength = 2 EJn, 
n being the co-ordination number. 

*de Guzman, Ann. Soc. Esp. fis. y quint., 1913, 11, 353. 

• Andrade, Phil. Mag., 1934, * 7 » 497 * 698. 

7 Frenkel, Z. physik , 1926, 35, 662 ; Trans. Faraday Soc., 1937, 33, 58. 

8 Friend, ibid., 1935, 31, 542. • MacLeod, ibid., 1923, 19, 6. 

10 Ward, ibid., 1937* 33 > 92. 11 Grunberg and Nissan, Nature , 1944, 154,146. 
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The bond strength for different geometrical arrangements of the mole¬ 
cules was calculated. The values are given in Table I. 


TABLE I 


Type of Arrangement 

Co-ordination 
number, n 

Bond Strength 

Tetrahedral ...... 

4 

E,/2 

Octahedral ...... 

6 

EJ 3 

Cubic body-centred ..... 

8 

E.l 4 

Cubic close-packing ..... 

12 

E.I 6 

Hexagonal close-packing .... 

12 

£./6 


From the number of bonds which are broken per molecule in the process 
of surface formation for different geometrical arrangements and the 
relationship between bond strength and E v given in Table I, the relation¬ 
ship between E v and W e (or Evi flC ) can be calculated for different ar¬ 
rangements of the molecules of a liquid. The results of these calculations 
are given in Table II. 

TABLE II 


Type of Arrangement 

Number of Bonds 
Equal to W e 
< or£ vJnc>- 

Characteristic 

Ratio, 

£ „/ £ vl.c) 

Tetrahedral ...... 

I 

2 

Octahedral ...... 

1 

3 

Cubic body-centred ..... 

I 

4 

Cubic close-packing ..... 

i\5 

4 

Hexagonal close-packing .... 

1*5 

4 


If, therefore, the ratios EJW e (or EJEvise) are found to approximate 
to any of the values given in column 3 of Table II, then the arrangement 
of the molecules can be said to correspond to the type given in column 1 
of the Table. The characteristic ratio need not necessarily be an integer, 
since the co-ordination number, n, of liquids can only have a statistical 
value, which may approximate the figures given in Table II. Further 
the approximations involved in equating E v to the potential energy 
in calculating W e and £ v iac may introduce errors which are difficult to 
assess. Table III gives the values of E v , W ct E y i flC and the ratios £vuc/JF c , 
EJW e , EJEy l8C for a number of non-polar and polar, unassociated liquids. 

As can be seen from Table III, the ratio E Y i ac /W e is very close to unity. 
The values of EJW t and EJE ylB c vary mostly between 3 and 4, indicating 
that the arrangements of the molecules in these liquids corresponds to 
systems of high symmetry. 

When considering polar, associated liquids, i.e. liquids in which 
Ev isc >W t , one important distinction must be made. This distinction is 
based on the type of energy measured by E v . 

Group A. If, on vaporisation, the associated complexes are dissoci¬ 
ated, so that the resulting vapour contains only unassociated molecules 
then E v contains apart from the increment due to the dispersion forces, 
also the increments due to dipole interaction, i.e. the energy of dissoci¬ 
ation of the complexes. Since £ v isc contains the dissociation increment 
(while W c does not), it is clear that the geometrical arrangement will be 
defined by the ratio EJE V uc. The ratio EJW C for this class of liquids 
may be expected to be far greater than 4. Typical liquids of this group 
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TABLE III 

Eviic — W e 


No. 

Substance 

•c 

kcal./mole 

W e 

kcal./mole 

^vlso 

kcal./mole 

W*. 

EilWe 

E vl E v lac 

I 

w-Hexane 

0 

7 -I 4 

2*09 

1-94 

0*928 

3*42 

3*68 



1 20 

6-86 

1*92 

1*84 

0958 

3*57 

3*73 


,, 

40 

6-58 

i -73 

1*69 

0*976 

3*80 

3-89 

2 

n-Octane 

0 

7*66 

2-24 

2*24 

1*000 

3*42 

3*42 


,, 

20 

7*62 

i ’93 

2*04 

1*057 

3*95 

3*74 



40 

7-58 

174 

2*02 

1*160 

4 - 3 *> 

3*75 

3 

Benzene 

20 

7*59 

2*33 

2*53 

1*086 

3*26 

3*oo 


»» 

30 

7*43 

2*24 

2-42 

1*080 

3*32 

3*07 


,, 

50 

7*26 

2 09 

2*31 

1*105 

3-48 

3*14 

4 

m-Xylene 

20 

8-52 

2-88 

3*02 

1*048 

2*96 

2*82 

5 

o-Xylene 

20 

8-52 

2-97 

3-26 

1*097 

2*87 

2*62 

6 

CC 1 4 

10 

7 * 3 ° 

2-38 

2*6l 

1*096 

3*07 

2*80 


,, 

20 

7*21 

2*29 

2*51 

1*096 

3*15 

2*87 


,, 

30 

7-08 

2*20 

2-44 

1*109 

3*22 

2*90 

7 

CHCI3 

10 

7-46 

2-I 4 

2-05 

0-958 

3*49 

364 


,, 

20 

7**9 

2-04 

1*93 

0*946 

3*52 

3*73 


,, 

60 

6*64 

170 

171 

1*006 

3*91 

3*88 

8 

CH a Cl a 

20 

630 

170 

i*6i 

0*946 

370 

3*91 

9 

CIHjjC . CH a Cl 

10 

778 

2 '47 

2-41 

0*975 

3*15 

3*23 


,, 

20 

7-67 

2*39 

2*32 

0*970 

3*21 

3*31 


,, 

40 

7-43 

2-22 

2*25 

1*013 

3*35 

3*31 

1 ° 

C 2 TI 6 Br 

10 

6-T5 

1*81 

i *5 

1*020 

3 * 4 i 

3*32 


,, 

20 

6-07 

1*73 

i ‘75 

1*010 

3 * 5 i 

3*47 


,, 

40 

5-95 

1*57 

i*6o 

1*020 

3*79 

3*72 

11 

w-C a H 7 Br 

20 

7*16 

1-89 

1-82 

0*960 

3*79 

3*93 

12 

BrH 2 C . CH 2 Br 

50 

8-45 

2*80 

260 

0*930 

3*02 

3*25 

13 

Argon 

—186 

1*70 

030 

0*52 

1*040 

3*40 

3*27 

14 

Oxygen 

*-183 

i *45 

0*42 

o* 4 i 

0*976 

3*45 

3*54 

15 

CoH 5 OC a H 5 

20 

5 - 9 i 

152 

1 ‘54 

1-014 

3*89 

3*84 

16 

CH 8 CHO 

0 

561 

1-38 

1-42 

1*029 

4*07 

3*95 

17 

CH 3 COC 2 H 6 

0 

7*66 

2-14 

2*24 

1*050 

3*58 | 

3*42 


HCOOCH, 

20 

7-46 

1*99 

2*10 

1*050 

3*75 

3*55 

18 

20 

6*40 

i -55 

1*64 

1*058 

4 *i 3 

3.90 

19 

CH 8 COOCHj 

10 

7-57 

1*90 

1*84 

1*033 

3*98 

4*12 

20 

C 2 H # COOCH s 

10 

8*22 

2*13 

2-12 

0*996 

3*86 

3*88 

21 

C a H 7 COOCH 3 

10 

8-58 

232 

2'3I 

0*995 

3*70 

3*72 

22 

HCOOC a H a 

10 

7'50 

i*8o 

I*8l 

1*006 

417 

4*14 

23 

c.h 6 cooc.h 5 

0 

8*38 

2-19 

2*24 

1*023 

3*84 

3*74 

24 

HCOOC 3 H 7 

10 

8.52 

2*11 

2*20 

1*043 

404 

3*87 

25 

CjH a COOC 3 H 7 

10 

9*07 

2*35 

2*25 

o *957 

3*86 

1 

404 


are water and the lower aliphatic alcohols, which are associated in liquid 
form and unassociated (except at low temperatures) in the vapour form. 

Group B. If the vapour contains association complexes, say double 
molecules, then the dissociation increment is not measured by E m and 
the geometrical arrangement will be defined by the ratio EJW e . The 
ratio EJEyin can be expected to be lower than the values found for 
normal liquids shown in Table III. A typical liquid in this group is 
acetic acid, which contains double molecules in the vapour. 

Table IV shows the results of the calculations for some associated 
liquids. 

On examining the data contained in Table IV, it is found that in all 
examples the ratio E v \*clW c exceeds unity. An interesting example is 
acetone, which at io° C gives a value of 1*26, while at 20° C the ratio is 
only 1*09, indicating the decrease in association with increase in 
temperature. 

For most substances cited in Table IV, the ratio EJW 9 far exceeds 
the values characteristic for different geometrical arrangements. These 
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liquids are associated while there is less association in the corresponding 
vapour. The ratio EJE V , 8C for these liquids lies between 2 and 4, which 
constitute the limits characteristic for different geometrical arrangements. 

Dipole Interaction and Association.—Whilst the ratios of the 
different energies give an indication as to the symmetry of the arrangement 
of the molecules, the difference between E ylgc and W et being equal to 
the energy of dissociation per bond (for the simpler molecular arrange¬ 
ments), may be used for investigating dipole interaction and association. 

Let us consider a liquid in which all the molecules take part in associ¬ 
ated complexes. For such a liquid one may write: 

dipole interaction, • • • ( IO ) 

TABLE IV 

-Evlac > IF* 

No. Substance °C 

E„ 

kcal./mole 

W c 
kcal ./ 
mole 

Eyisc 

kcal./ 

mole 

*./w. 

*•/ 

Eviac 

I Water 0 

10-17 

2-10 

4-80 

2-29 4*84 

2*12 

„ 10 

10-06 

2-06 

4*56 

2-22 4*89 

2*21 

,, 20 

9*95 

202 

4-15 

2*06 4-93 

2*40 

» 30 

9-82 

1-99 

3-85 

1-94 4-94 

2*55 

M 40 

9 -ji 

1-94 

3-&3 

1-87 5-00 

2*68 

„ 50 

9-59 

1 *91 

3*44 

I-80 5*02 

2-79 

„ 60 

946 

1-86 

3*32 

1-78 5-09 

2*85 

M 70 

9-30 

i*8i 

3*20 

1-77 5-14 

2*91 

1, 80 

9*23 

I *77 

3*04 

1*72 5*22 

304 

„ IOO 

8-96 

1-67 

2-85 

1*70 5-36 

3*14 

2 CH3OH O 

8-77 

i-i 5 

2-56 

2-23 7-62 

3*43 

„ 20 

8-50 

1-08 

2-48 

2-30 7-88 

3*43 

» 30 

8-37 

1 05 

2-46 

2-34 7-96 

3*40 

50 

8-io 

0-98 

2-44 

2-49 8-26 

3*32 

3 C 2 H 6 OH 10 

9.94 

1-42 

3*32 

2-34 700 

3 00 

,, 20 

9-78 

1-38 

3*29 

2-38 708 

2-97 

M 40 

9-45 

130 

326 

2.51 7.27 

2-90 

„ 50 

9-31 

1-25 

3-22 

2*58 7*45 

2*89 

4 CH 3 CH 2 CH 2 OH 20 

11-02 

I- 7 1 

441 

2*58 6-44 

2*50 

» 40 

10-63 

i-6i 

4*39 

2-73 6-6o 

2*42 

„ 60 

10-19 

1*51 

4*37 

2*89 6-75 

2*33 

80 

9-80 

I * 4 I 

4*34 

3 *o 8 6-95 

2*26 

5 CH 3 CH 2 CH 2 CH 2 OH 0 

12-46 

2-04 

4-67 

2-29 6-io 

2-67 

,, 20 

12-07 

2-01 

4 - 6 4 

2*31 601 

2-60 

M 50 

11-26 

1*85 

459 

2-48 6-o8 

2*45 

6 Acetone 0 

7-60 

1-83 

2-30 

1-26 4-15 

3*30 

,, 20 

7-24 

1-70 

1-86 

1-09 4-26 

3-89 

7 CHjCl 0 

4*35 

I-II 

1-66 

1-50 3-92 

2*62 

„ 10 

4*24 

1-03 

1-63 

1-58 4*12 

2*60 

,, 20 

4-12 

o -95 

1*59 

1-67 4-34 

2*59 

8 HCOOH 10 

5*98 

1-75 

3*87 

2-21 3-42 

1*55 

„ 20 

5*90 

171 

3*63 

2-12 3*45 

1*62 

„ 50 

5 ’ 5 o 

i *59 

3*22 

2-02 3-46 

1*71 

9 CH3COOH 20 

6-31 

1-67 

2*90 

1-74 3*78 

2*18 

„ 50 

5*95 

1-52 

2*70 

1*77 3 * 9 i 

2*20 

». 75 

5*62 

i *39 

2-50 

i*8o 4*04 

2*25 

10 CH s CH 2 COOH 20 

7*52 

1 '91 

2*45 

1*28 3*94 

3*07 

II CH 2 CH 2 CH 2 COOH 20 

10-87 

2-23 

2-99 

i *34 4*87 

3*53 

" 50 

10-56 

2*03 

2*93 

i *44 5*20 

3*6x 

M IOO 

9.96 

i *73 

2-88 

1-66 5*76 

3 ‘ 4 6 

12 CH av 






>CHCOOH 20 

io -57 

2-08 

2*75 

1*32 5*08 

3-85 

CH a ' 






50 

10-26 

1-90 

2-67 

1*41 5-40 

3-85 

,, 100 

9*66 

1-56 

2*57 

1*65 6*19 

378 
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and since E(r)aivou» interaction may be considered as the summation of the 
orientation and induction effects, by using eqn. (1), (2) and (4), then 

iivlBC — W c _ 2p % 2n % 0L 


for parallel, and 


N 


E\i*c — W e 


(11) 


2/x s a 


N 

for anti-parallel arrangement of the 
equations, the dipole moment n is given by 


r* + r 9 
dipoles. 


. (12) 

By rearranging these 


Mpar 


and 


/*antlpar 


■J 

-J 1 - 


-Fvlsc - W e 

r* 

N 

2 + 2 <x/r* 

E\ inc — W a 

r 3 

N 

I -f- 2a/r 8 


• (13) 


• (14) 


Whilst eqn. (11) to (14) are valid for liquids in which degree of associ¬ 
ation is unity, i.e. all the possible dipole interaction bonds are formed, 
a correction is necessary for liquids in which the degree of association is 
less than unity, i.e. only the fraction p of the possible dipole interaction 
bonds are formed. If eqn. (13) and (14) were used for this condition, a 
dipole moment would be obtained, which would have a smaller value 
than the dipole moment obtained by usual methods. If the dipole moment 
from other measurements is available, the degree of association p can be 
calculated. For a partially associated liquid 

-—-- = fiE (f)dipole Interaction • • • (l5) 


Hence 0 = (^-’)*.(16) 

\/Aoba./ 

where /* calc . is the value of n obtained from eqn. (13) and (14) and p 0 b«. 
the value of /* obtained from other measurements, e.g. dielectric constant 
and density. 

Mostly the conditions are more complicated than those outlined above. 
The relative orientation of the dipoles may conform neither to a parallel 
or an antiparallel position and the geometrical arrangement of the mole¬ 
cules may be such that E v i 8C and W c may be equivalent to more than 
one bond. These factors must in all cases be taken into account. 


5. Applications of Results 

Normal Liquids. —In Table II it has been shown that values of E 9 !W 9 (or 
E V IE W ibc) between 2 and 4 are characteristic for certain arrangements of the 
molecules. These results in Table III suggest that the co-ordination number 
in normal liquids may vary between 6 and 12. The actual proportions of the 
various arrangements present cannot, however, be elucidated by the method 
employed. 

There are many indications in the literature that co-ordination numbers in 
liquids may be about 12 (e.g. liquid mercury and xenon ia ). The values of E^jW t 
(or E v jE y no) given in Table III vary between 3 and 4. From Tables I and 
II we find that the ratios 3, 4, 4 and 4 correspond to co-ordination numbers of 

6, 8, 12 and 12 respectively. If the co-ordination numbers in normal liquids 
would be 12, then only ratios of 4 would have been found in Table III. Lower 
co-ordination numbers may thus be considered to play an important part in 
liquids. 

Water. —The structure of the ice lattice has been investigated by means 
of X-ray data by many workers. It appears that in ice the oxygen atoms are 
situated in the centre of a tetrahedron, and are surrounded by four hydrogen 
atoms. Since every hydrogen atom is common to two tetrahedra, the ratio 

11 Campbell and Hildebrand, J. Chctn. Physics , 1943, 11, 330, 334. 

5 * 
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H/O — 2/1 is maintained throughout the crystal. This structure is similar 
to that existing in certain modifications of silica, such as trydimite. Bernal 
and Fowler 18 investigated the structure of liquid water using X-ray data. These 
workers concluded that, in order to account for the low density of water, it is 
necessary to assume that the open tetrahedral structure characteristic for ice 
should exist also in water. Three types of arrangement are said to exist in 
water— 

(1) tridymitic ice-like structure existing below 4 0 C; 

(ii) quartz-like structure existing at ordinary temperatures ; 

(iii) close-packing as an ideal liquid. This arrangement is favoured by 

increasing temperature. 

There is no question of a mixture of volumes with different structures. At 
all temperatures the time-average structure of liquid water is macroscopically 
homogeneous, but the average arrangement of the molecules resembles to a 
certain extent one of the three types. The maximum of the density of water 
at 4 0 C can be explained by a change of type (i) to type (ii), since the latter 
corresponds to a closer approach of the oxygen atoms. 

Additional evidence that at ordinary temperatures the structure of water 
differs considerably from that of an ordinary close-packed liquid, can be derived 
from the fact that between o and 30° C the viscosity of water decreases with 
the increase in pressure, whilst the viscosity of other liquids increases with the 
pressure. These facts have been observed by Bridgman. 14 This can be inter¬ 
preted as due to the breakdown of the open tetrahedral structure under the 
action of pressure. 

If the ratios E vlBC IW e , E v jW c and E v jE x ^ c for water (Table IV) are 
examined it is found that 

(i) E vlBC IW e is appreciably greater than unity. Water is therefore, ac¬ 
cording to the arguments brought forward in the present work, an associated 
liquid. 

(ii) E v l\V e is greater than 4, water is therefore mainly dissociated in the 
vapour form. 

(iii) E v !E y iBc increases from a value of 212 to a value of 3-14 as the tem¬ 
perature increases from the melting to the boiling point. From Table II, a ratio 
equal to 2 is characteristic for the tetrahedral arrangement of the molecules, 
whilst close-packing is characterised by a ratio of 4. The values of the ratio 
EJE vlBC thus confirm that the arrangement of the molecules in water is in 
part tetrahedral. The extent of close-packing increases with the increase in 
temperature. The valence angle on the oxygen atom in water is of the order 
of 104°, very close to the value of the regular tetrahedral angle of 109°. The 
arrangement of the dipoles in water is thus neither parallel nor antiparallel and 
to a first approximation an angle of about 52 0 may be assumed between associ¬ 
ated dipoles. The bond strength due to the orientation effect will then be equal 
to 1 *231 n 2 /r 3 . The correction for the induction effect w r ill still be of the order 
of 2/x z a/r 6 , so that— 

Bond strength (orientation + induction) — /x 2 /r 3 (1-231 H-2a/r 3 ) (17) 

With /x 1-84 x io~ 18 1) and r -- 2-76 A (for tridymitic arrangement at o n C) 
we calculated a value of 3-23 keal. for N bonds. This figure can now be compared 
with the value for the hydrogen-bond from latent heat data. The heat of sub¬ 
limation of ice is 11 *t>2 kcal./mole (the latent heat of fusion is 1*44 kcal./mole 
and the internal latent heat of vaporisation 10*18 kcal./mole). If we assume 
that the contribution of the dispersion forces to 2 N bonds equals 2 W c i.e. 4*20 
kcal /mole the value of the hydrogen bond becomes 7*42 kcal./mole or 3-71 kcal./N 
bonds. The values of 3-23 and 3*71 kcal. are lower than the value of 4*5 kcal. 
given by Pauling. 16 The discrepancy arises from difference in the estimation 
of the dispersion contribution to the bond. 

Using the data for (E vlBC — W e ) and the values of r = 2*76 A for the tri¬ 
dymitic structure (below 4 0 C) and of r — 2 -71 A for the quartz-like structure 
(above 4 0 C) we calculated the degree of association of water between o and 
ioo° C. The results are given as curve I in Fig. 1. Alternative values of the 
degree of association were calculated from (F v ibc— JF C ) and the value of 3-71 
kcal. IN bonds obtained from latent heat data. These values are shown as 
curve II in Fig. 1. A check on these calculations can be obtained by considering 

13 Bernal and Fowler, J. Chem. Physics, 1933, I, 513. 

14 Bridgman, The Physics of High Pressure (Bell & Sons, 1931). 

1$ Pauling, The Nature of the Chemical Bond (Cornell, 1940). 
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the amount of dissociation occurring during melting. The latent heat of fusion 
is 1 -44 kcal. /mole. Expressing this as a fraction of 2 N hydrogen bonds, according 



Fig. 1 . 


to the electrostatic model or to latent heat data, we obtain 0 22 and 0-19 re¬ 
spectively. The corresponding values for the degree of association of water 
at o° C from (/i v i 8C — W c ) are 0-84 and 0*73 showing tolerable agreement with 
the fusion data. 

Alcohols and Fatty Acids. —These two groups of substances show important 
differences in their behaviour. If the values of E x \ BC jW c , E v !lV c and E 9 /E X i BC 
(Table IV) are examined it is found that both alcohols and acids show the criterion 
of association, namely E X \ BC !W C > 7. The alcohols show ratios E v (W e > 4 
and E v /E x i HC between 2-4. They can therefore be regarded as associated in 
the liquid, although mainly dissociated in the vapour. Formic and acetic acids 
show values of 3-4 for E v fW c whilst E r /E v i 8c is much smaller. This seems to 
indicate that these substances are associated both in the liquid and in the vapour. 

It is interesting to note that the values for E v /W e and E V !E X \ BC of the higher 
acids are similar to those obtained with the alcohols. This indicates that these 
acids are less associated in the vapour than formic and acetic acids. 

A great number of X-ray measurements have been taken on alcohols 18 and 
acids. 17 * la » 19 * 20 * al . Two principal distances can be observed with these compounds. 
One of these distances increases only slightly as one ascends the homologous 
series and can be attributed to the distance between the hydrocarbon chains 
(d 2 ). The other distance (d t ) increases with chain length and can be attributed 
to the distance between the ends of two associated molecules— 


e.g. alcohol molecules : 


o/\y\ 



16 Stewart and Morrow, Physic. Rev., 1927, 30, 232. 

17 Morrow, ibid., 1928,31,10. 18 Katz, Z. Physih, 1927* 45 .97 i 1928,46,392. 

18 Krishnamurti, Indian J. Physics, 1928, 2, 355 ; 193°. 4 > 449 - 
80 de Smedt, Bull. Roy. Soc. Belg., 1924, 10, 366. 

21 Sogani, Indian J. Physics, 1928, 2, 491. 
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and acid molecules : v_ 

d, 

A 

U- d x - 

The values of d x and d t are given in Table V. 

TABLE V 




O—H- 


-o/ 


Substance. 

<MA). 

«*.< A). 

Methyl alcohol ..... 

5*35 

381 

Ethyl alcohol ..... 

7-82 

4*07 

w-Propyl alcohol .... 

9-92 

4-43 

w-Butyl alcohol ..... 

11*30 

4 48 

Formic acid ..... 

5*20 

3^5 

Acetic acid ...... 

5-90 

4-17 

Propionic acid ..... 

6*oo 

439 

Butyric acid ..... 

8-5 

464 


From these data and the probable configuration of the associated complexes 
one can deduce that the orientation of the dipoles in alcohols and acids is anti¬ 
parallel. For methyl alcohol using fi — i*68 X io~ 18 D and r — 2*7 A we ob¬ 
tained a value of 2*67 kcal./TV hydrogen bonds. In order to calculate the degree 
of association it is necessary to make an a priori assumption as to the number 
of bonds corresponding to E viBC and W e . Assuming this figure to be about 1*5 
(since E v /W t is about 3-4), we find (E yiac — W e )/ 1*5 at 20° C to be about 0-93 
kcal./TV bonds and the degree of association to equal 0-34. 

We calculated a value of about 2-7 kcal. for the hydrogen bond in methyl 
alcohol whilst Pauling 16 reports a value of 6-2 kcal. Ordinarily the strength 
of the hydrogen bond is obtained by subtracting the contribution of the dis¬ 
persion forces from the total bond strength. The accuracy thus depends on 
the estimation of the contribution of the dispersion forces. It was shown above 
that by using W e as an expression of the dispersion increment tolerable agreement 
can be obtained for the value of the hydrogen bond in water from the electro¬ 
static attraction and latent heat data. We shall proceed in the opposite direction 
for methyl alcohol and try to evaluate the number of nearest neighbours from 
latent heat data and W e , using the value of the hydrogen bond obtained from 
the electrostatic model. 

A molecule of methyl alcohol can form 2 hydrogen bonds, so that there are 
TV such bonds in a mole. The latent heat of sublimation of methyl alcohol is 
about 9-3 kcal./mole and if the hydrogen bond equals 2-7 kcal/mole, then at the 
melting point the contribution of the dispersion is about 6*6 kcal. /mole. At 
the melting point the value of IV e can be estimated to be about i*6 kcal. If 
W e is equivalent to 1-5 bonds we find that the dispersion forces arc equivalent 
to about 0 bonds per molecule. This shows that a molecule of methyl alcohol 
at the melting point is probably surrounded by 12 nearest neighbours. This 
result cannot be obtained from Pauling's value of the hydrogen bond in methyl 
alcohol. 

We calculated the value of the hydrogen bond in other alcohols and found 
for ethyl alcohol 2*74, for w-propyl alcohol 2-61 and for w-butyl alcohol 2*80 
kcal .}N bonds. Making the same assumptions as for methyl alcohol, the degree 
of association from (£ v i sc — IF C ) at 20° C is for ethyl alcohol 0-46, for w-propyl 
alcohol 0-69 and for w-butyl alcohol 0*67. 

The strength of the hydrogen bond in formic aa and acetic 88 acids, reported 
in the literature is 7*06 and 8*2 kcal. respectively. From the electrostatic model 
we calculated values of 2-56 and 2-93 kcal. Pauling 15 comments on the highly 
ionic character of the bond in these substances. Thus it seems that the pure 
dipole attraction accounts only for about 36 % of the total bond strength. 

It is of interest to calculate to what extent viscous flow is a monomolecular 
process in formic and acetic acids. Assuming that E r i»c and W 9 represent 

M Coolidge, J. Amer. Chetn. Soc., 1926, 50, 2166. 

11 Macdougall, ibid., 9936, 58, 2585. 
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the energy of 1*5 bonds, the dissociation energy per N bonds is 1*28 and 0*82 
kcal. at 20 0 C. Viscous flow in formic and acetic acid is about 18 and 10 % a 
mono molecular process. 

Esters. —Steric effects may render the dipole " inaccessible ” and thus pre¬ 
vent dipole interaction. This is best illustrated by the results obtained with 
organic esters. Although highly polar substances (/* varies from 17 to 2*0), 
the esters are unassociated liquids, due to the shielding effect of the hydrocarbon 
chains. As shown in Table III, E yiBC ~ W e , whilst the values of E v /W e and 
E 9 /E v lac approximate a value of 4 very closely. Thus esters, in contrast to 
alcohols and acids, and in spite of the high value of the dipole moment, are 
" normal ” liquids, characterised mainly by close packing. 

Ketones. The influence of steric effects may vary also within the same 
groups of compounds. Thus whilst acetone shows the criteria of a partly 
associated liquid, higher ketones such as methyl ethyl ketone or diethyl ketone, 
although highly polar, are unassociated. The accessibility of the dipoles is 
reduced by an increase in the chain length of the substituent groups. Methyl 
groups afford a certain amount of shielding, as can be seen from the fact that 
acetone is only partially associated. 
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ON PHASE-CHANGE PROCESSES IN 
IRON-SILICON ALLOYS 

Bv K. M. Guggenheimer and H. Heitler 
Received lyrd January, 1948 ; as revised 17 th August, 1948 

Various phase-change processes in the solid state of the iron-silicon system 
which have been observed previously by measuring the magnetic saturation 
intensities as functions of temperature have been studied with respect to their 
reaction kinetics. Quasi-monomolecular and bimolecular reactions have been 
found and some activation energies have been determined. 


Measurements of the magnetic saturation intensity of ferro-magnetic 
materials can be used to establish the presence of certain magnetic 
phases. 1 * ** *• 4 In a recent paper, 4 a study of the magnetic properties of 
the iron-silicon system, carried out in the years 1942-46, was described 
in some detail. It was shown that it is possible to determine the phase 
composition of these alloys and important details of the phase diagram. 
Further, the magnetic method can be used to investigate reactions oc¬ 
curring in the solid state. The use of this method appears to be possible 
even in a case where alloys undergo complicated phase changes. In this 
paper, an attempt has been made to consider the reaction kinetics of 
these phase-change processes. 

Experimental and Results 

The experimental procedure previously described 4 was briefly as follows. 
All specimens were kept at a controlled temperature until they had reached a 
well-defined equilibrium state and then quenched ; they were then submitted 
to a heat treatment at a chosen temperature for various lengths of time. After 

1 Sucksmith, Proc. Roy. Soc. A , 1939, 170, 551 ; 171, 525. 

* Pickles and Sucksmith, ibid., 1940, 175, 331. 

8 Hoselitz and Sucksmith, ibid., 1943, 181, 303. 

4 Guggenheimer, Heitler and Hoselitz, J. Iron Steel Inst., 1948, 192. 
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each heat treatment a magnetic saturation intensity-temperature curve (cr—T 
curve) was obtained by use of a magnetic balance. The o-values were measured 
from room temperature to temperatures well beyond the Curie point at intervals 
of 10-15°. It was found that three different magnetic phases, the a-solid solution, 
the a"-phase and the 77-phase can occur. 

The first task was, therefore, to determine the exact composition and the 
magnetic characteristics of the pure phases. The main data are contained 
in Table I. It can be seen that they are widely different and therefore easily 
distinguishable from each other in the a—T curves. 

TABLE I 



% Si 

Curie Temp. 
(°C) 


a at 



Room Temp. 

150° C 

300° C 

Pure iron . 

O 

768 

217-8 

_ 

_ 

a-phase (saturated 
solid solution) . 

J 7 l 

555 

119 

113 

100 

a"-phase 

20*8 

270 

68 

45*3 

9*4 

77-pha.se 

23-2 

120 

75 

15*4 

2-0 

€-phase 

33-4 

non-magnetic 





The composition of the pure phases given by other authors whose investiga¬ 
tions were carried out prior to or simultaneous with this work may be of interest 
for comparison. 


TABLE II 


Author 

. 

% Si 

a 

a" 

V 

1 

€ 

Stoughton and Greiner 6 . 

15 

_ 

25 

334 

Osawa and Murata 6 

15 

18-6 

23-2 

334 

Lipson and Weill 7 

t6 

— 

23-2 

33'4 

Farquhar, Lipson and Weill 8 

1 5 l 

20-2-20-6 

23-2 

33*4 


The part of the resulting phase diagram, as far as it has been established by 
the magnetic measurements, is shown in Fig. i. In the solidus there are four 
main equilibrium regions in which the three magnetic phases are in stable states. 

(i) Between o and 17-1 % Si right up to the liquidus there is an extensive 
region of an a-solid solution of silicon in iron. 

(ii) Between 17*1 and 33-4 % Si up to about 830° C the saturated a-solid 
solution is in equilibrium with the non-magnetic e-phase. 

(iii) Between about 19 and 33-4% Si in the temperature region 830° C- 
1030° C the 77-phase is stable and in equilibrium with the a-phase below 23-2 % Si 
and with the *-phase above it. 

(iv) Between about 19 and 33 4 % Si at temperatures above 1030° C the 
a"-phase is stable and in equilibrium with the a-phase below 20*8 % Si and with 
the c-phase above it. 

The horizontal boundaries w r ere of no particular interest for the present w'ork 
and therefore not specifically determined. 

With the aicl of the magnetic values of the pure phases it was then possible 
to analyse all experimental curves with respect to the amounts of each phase 

6 Stoughton and Greiner, Metals Handbook (Amer. Soc. Metals, Cleveland, 
*939), B96. 

6 Osawa and Murata, Nippon Kinzoku Cakkai-Si , 1940, 4, 228. 

7 Lipson and Weill, Trans. Faraday Soc., 1943, 39, 13. 

* Farquhar, Lipson and Weill, J. Iron Steel Inst., 1945, 457. 
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present and to study the transition from one equilibrium region into another as 
function of temperature and duration of heat treatment. In particular, the 
transition of the ^'-equilibrium into that of the a- was investigated in great 


Fig. 1. — Phase boundaries 
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— - Phase boundaries 
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detail. Some resulting curves are shown in Fig. 2-4 in which the fractional 
weight oj of the magnetic phases present are given as a function of time of anneal. 
Fig. 2 shows a specimen with 27*5 % Si annealed at 650° C and Fig. 3 another 



Fig. 2.—Change of w*, cu<* # and with time of anneal at 650° C in a specimen 
with 27-5 % silicon. Drawn out curves calculated acc. to eqn. (8)-(io) and 
Table V. > 
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one with 25 % Si annealed at 550 and 6o8° C. It can be seen that the magnetic 
a"-phase decomposes and the two other magnetic phases a and rj are produced. 
The rate of decay of a" and the formation of a and 17 are slow enough to allow 
the determination of the reaction velocities. 



Fig. 3.—Change of w*, u>ar and to v with time of anneal at 550° and 6o8° C in 
a specimen with 25 % silicon. Drawn out curves calculated acc. to eqn. 
(8)-(io) and Table VI. 

However, the 17-phase is not stable, but passes through a maximum and 
disappears again after much longer heat treatment. At the same time the 
amount of the a-phase increases until equilibrium with the c-phase is reached. 
The results of a 23 %-Si specimen heat treated at 735 0 C are shown in Fig. 4. 
The decay rate of the a"-phase has been too rapid to be measured, but the sub¬ 
sequent decay of 17- and increase of a- are easily observable. 



Fig. 4.—Change of and io v with time of anneal at 735 0 C in a specimen with 

23 % silicon. Drawn out curves calculated acc. to eqn. (8)-(io) and Table V. 

Discussion 

Quasi-monomolecular Reactions.—The results of the magnetic analy¬ 
sis are quantitative. They can serve as a basis for treating the phase- 
change processes as chemical reactions and for investigating the reaction 
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kinetics. From Fig. 2 and 3 it can be seen that the amount eo«' which 
disappears is equal to the sum of a> a -f* 7 which are produced. The 

reaction is therefore 

v? a + rj .(I) 

The c-phase does not enter this reaction. 

A further confirmation of this reaction is provided by calculating the 
amount of silicon involved in it. If the observed co-values are multiplied 
by the corresponding silicon contents of the pure phases (see Table I), 
the sum Si* -f- Sv Si^ must be constant. This condition is ap¬ 
proximately fulfilled (cp. Table III). 

TABLE III 


Heat Treatment 

tu 



Si V, 



Spec. 

— 

Temp. 

°C 

Duration 

a 

a* 

1 

€ 

a 

a* 

V 

€ 

2TSi 

25 % 

1100 

2 hr. 

o-ooi 

o*668 

0*000 

0331 

0*0 

14*0 

0*0 

II*I 

251 


550 

10 min. 

0*038 

0*498 

0*125 

0*339 

o*6 

10*4 

2*9 

ii*3 

25*2 

II 

550 

6 hr. 

0*224 

0*026 

0*410 

0*340 

3*8 

o*5 

9*5 

n *4 

25*2 

tP 

550 

7 days 

0*296 

0000 

0*360 

0-344 

5*i 

0*0 

8-3 

11 *5 

24*9 


The second reaction, that is the slow decay of 17-, results in an increase 
of the a-phase as shown in Fig. 4. Since the silicon content of a- is smaller 
than that of 17-, the non-magnetic «-phase must also increase. The re¬ 
action is, therefore, 

1 a + c.(II) 

The chemical formulae which correspond best to the silicon content of 
the pure phases (Table IV) are : 


TABLE IV 



Formula 

°/ 0 Si 

Temp. 0 C 

a" 

E e «S?u 

20*84 

750 

a 

Fe 17 Si, 

17*14 


V 

Fe.Si, 

23*17 


e 

FeSi 

33-44 

»» 


Thus the first reaction must have the form : 


+ 1 * . . (I) 

or 2Fe 81 Si u Fe l7 Si 7 -j- 5 Fe 5 Si 8 . . . (1) 

The factors, however, which are involved in this stoichiometric formulation 
have only a formal significance. The crystallites of the different phases 
are large homogeneous complexes. For this reason, the reactions in the 
solid state are of the first-order with respect to each phase, and the 
following formulation for indicating the chemical units which react 
together is to be preferred. 


Fe 4s Si ts -> Fe 17 Si 7 -f- Fe w Si 14 . . (ia) 

For the second reaction one has 

V -*« + c . . . . (ii) 

Le - 5 Fe,Si # Fe„Si 7 + 8 FeSi, ... (2) 

or Fe M Si M -*Fe 17 Si 7 + Fe 8 Si 8 - . . (2 a) 
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These chemical units (n x ) which react together possess masses which 
can be expressed in units of atomic weight. If the empirical weights 
per cent. w x of each phase are divided by the molecular weight M x of 
these chemical units, one obtains the number of these units present in 
I g. of the specimen, e.g., n a = a>/M*, where M a is according to (i), 
17 x 55*84 + 7 X 28-06 ~ 1146. In a similar way one obtains 


~ 2963 ’ 1817’ 6 ”671 

With the aid of these units it is possible to formulate the differential 
equations for the reactions as follows. The decay of a" in reaction (1) is 
quasi-monomolecular, 

= - Vv..(3) 

where k x is the velocity constant of the a" decay. The 17-phase is created 
in reaction (I) with the same constant k x and decays in reaction (II) with 
the velocity constant k 2 , therefore, 

^ = V«* - V» ■ • • (4) 

The a-phase is formed in reaction (I) with constant k x and in (II) with 
velocity constant k 2 , thus 

d fi 

—^ = kx^laT 4 - Tlrj . . . * ( 5 ) 

The €-phase increases in reaction (II) with the velocity constant k % 
according to 

w ” k * n " . (6) 

The initial conditions are, for t = o, 

»«'(o) = n 0x .: n e (o) = n 0e ; n a { o) -= o; «„(o) = o (7) 

The integration of equations (3) -(6) gives 

n<s = n 0 . e ”; .(8) 


—fL (e-« - e-W) ; 

n 1 k 2 

« 0a .(2 - e-*.<) - (ft, e-M 

k l — k s 


A,e-W); 


= «o, — - - (A, e-*>* — ft s e-*i') + m 0(I , . . (n) 

According to eqn. (8), a" decays exponentially. The plot of log 
against time gives a straight line, the slope of which gives a measure of 
the velocity constant k x . The same velocity constant k x can be obtained 
from the observed initial formation of a and 77 (eqn. (4) and (5)). The 
velocity varies appreciably with the temperature of anneal (cf. Table VI). 

The 17-phase passes through a maximum, and decays also exponentially 
for times t^k x - x . Straight lines are also obtained if log n % is plotted 
against time. The constants are given in Table VI. It is found that 
k z is much smaller than k x . 

After the two constants k x and k 2 are determined, theoretical curves 
can be constructed. They are the curves drawn in Fig. 2-4, and describe 
the experimental results for the whole time of observation, within the 
experimental error. 

The change of the velocity constants with temperature can best be 
described by 

k x = 6*7 x io B e -20 » 000 /2’ . . . . (12) 

and k t = i-i x io a e-i6,ooo/r . . . (13) 
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A third quasi-monomolecular reaction has been observed, namely, 

x V + «.(HI) 

at temperatures above 1030° C. The chemical reaction corresponds to 

Fe 25 Si 16 Fe 21 Si n + Fe 4 Si 4 . . . . (14) 

The reaction takes place within a few hours. The lowest velocity con¬ 
stant observed was ~ 7*5 x io~ 5 sec. -1 but this is probably already 
influenced by the back reaction during cooling. 

Formally a fourth monomolecular reaction is possible, namely, 

a" -> a + *.(IV) 

or Fe ai Si n -> Fe 17 Si 7 + Fe 4 Si 4 . . . . (15) 

However, this reaction has not been observed. According to the 
phase diagram, it could only occur below 850° C but there the a* decay 

proceeds always according to reaction (I), that is, a' a + rj and these 

two phases are always formed in the ratios expected by this latter formula. 

Quasi-bimolecular Reactions.—Formally, all four reactions so far 
described could also occur in the reverse direction at suitable tempera¬ 
tures. The reverse reaction to (II), namely, 

a -f € 77,.(V) 

or Fe 17 Si 7 Fe 8 Si 8 —► Fe 2 5Sii 5 .... (16) 

has been observed at between 900 and iooo° C. A series of specimens 
with varying silicon content has been investigated at 950° C and the 
formation of 77 observed over increasing times of anneal. Since two 
different phases have to react together to form a new one, the reaction 
cannot in general proceed according to the law of monomolecular reaction. 
An attempt has been made, therefore, to apply the equation for bimole- 
cular reactions, viz., 

-prjr ~= - »*)(«., - ».j). • • • (17) 


where n 0f% and n 0e are the initial concentrations of the a- and c-phase re¬ 
spectively, and n v is the concentration of the 77-phase as a function of time. 
The integration of this equation leads to 


k yt - - 



n °B ( n o* — n n ) 
( n 0e “ n nY 


(18) 


Table V gives the result for four specimens between 23 % and 30 % silicon 
for heat treatments between about 6 and 10 hr. at 950° C. 


TABLE V 


% Si 

Time 

(hr.) 

ky 

(see.-^mol.-^cm. 3 ) 

23 

8* 

1*5 X io -3 

25 

9t 

1*4 X 10- 3 

27-5 

(-4 

1*3 X 10- 3 

30 

6 i 

1-4 X IO- 3 


It can be seen that for the above times of anneal, eqn. (18) fits the 
experimental results surprisingly well for this wide range of silicon 
contents, and leads to the same velocity constant in all four cases, thus 
confirming the mechanism of bimolecular reaction. However, the forma¬ 
tion of the 77-phase slows down considerably after longer periods of anneal, 
presumably owing to the influence of diffusion which must take plate 
before the reaction can be completed. Even after several weeks of anneal 
traces of a are found. 
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Another reaction a -f c a",.(VI) 

or Fe 17 Si 7 + Fe 4 Si 4 Fe fl Si u . . . (19) 

has also been observed and measured. Formally, it is the reverse of 
reaction (IV) which, however, has not been observed. Reaction (VI) 
takes place at temperatures above 1030° C. The velocity has been meas¬ 
ured at ii4o°C. The evaluation of the experimental data of several 
specimens with different silicon contents shows again that eqn. (18) can 
be applied and leads to a constant of velocity of the order of magnitude 
£ VI = 8 x io -8 sec. “tool. ~ x cm. 8 though the fluctuations are bigger than 
those in reaction (V). 

The reverse of reaction (III) takes the form 

..(VII) 

or Fe sl Si H + Fe 4 Si 4 Fe l4 Si 16 , . . . (20) 

and occurs between 900 and 1030° C. It has been found in the present 
investigation and is effectively completed within a few hours. This 
reaction is the most suitable one to bring the 77-phase into equilibrium 
with the c-phase and with a specimen of 23 % Si it was possible to obtain 
the 77-phase in its pure form. The magnetic intensity a reaches its maximum 
value in the series of specimens which show the 77-phase as the only mag¬ 
netic phase. It seems that this phase is distinguished by exceptional 
hardness and resistance to chemical attack. More detailed measurements 
have still to be performed to determine the velocity constant. 

The reverse of reaction (I) is 

a + 77 -* a".(VIII) 

or Fe 17 Si 7 -f- Fe 26 Si 1& —> Fe 42 Si 22 . • . . (21) 

It can occur above 1030° C in specimens containing 19-23 % Si, but being 
a bimolecular reaction it may be slower than the monomolecular reaction 
(III), 77 -► cl ” -f c, with the reaction (VI), a -f e a", following the 
production of the c-phase. All reactions with a" as end-product are 
known to be complete within a few hours. 

TABLE VI 



Reaction 
Temp. (°C) 

1 

Reaction Velocity 
(sec.-i) 

Activation 

E S y 

(I) a' a + 77 

500 

1*8 X io - * 8 



550 

9*2 X IO” 6 

1*2 X IO"* 4 



650 

1*6 X io- 3 

40,000 

(II) 77 -* a 4 - c 

608 

1*2 X IO” # 



735 

7-0 x io-* 



750 

i *3 X io- ft 



811 

3*0 x io -5 

32,000 

(III) ,, -> a' + * 

1140 

7 5 x io- 5 

(IV) ot' a + c 

850 

Not observed 


(V) a + t -* 17 

950 

1-4 x 10 - 8 sec.*" 1 mol.” 

1 cm. 3 

(VI) « + €->•«' 

1100 

8*o x io- 3 „ 

m 

(VII) a* + *-+ v 

950 

Completed within a few hours 

(VIII) a + ij ->■ a' 

1030 

•• »» 1 

11 


(IX) a" + c a + 77 

950 

Probably (I) + (V) 

(X) a + 77 a # + e 

1030 

Probably (III) + (VI) 
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Specimens with Si content between 20*8 % and 23*2 % and with 
the initial composition of a' and c (stable at above 1030° C) go over into 
a and tj at lower temperatures. This reaction has been investigated at 
950° C. It may occur according to 

ql* -f- c -> a + V* • • • • (IX) 

or Fe a< Si aa + Fe 4 Si 4 -> Fe 17 Si 7 + Fe ao Si ao . • - (22) 

This would mean a double transformation of two phases into two other 
phases. There is, however, the possibility, and also some empirical 
indication, that initially a * goes over into a + rj according to (I) and 
that c reacts together with the newly-created a in forming the stable tj 
according to (V), a -f c -* tj. The total reaction is completed within a 
few hours. 

The reverse of reaction (IX) is 

a -f V of + • • • . (X) 

or Fe 17 Si 7 + Fe 60 Si 30 -> Fe 6a Si aa + Fe 4 Si 4 . . . (23) 

It can take place at above 1030° C for specimens between 20*8 and 23-2 % 
Si. The total reaction is completed more quickly than (IX) but the mono- 
molecular reaction (III), tj -*• a* -J- «, is probably faster than (X) and 
must be followed by (VI), a + c -► ol*. 

In the following, all the reactions investigated are listed together with 
the determined velocity constants and activation energies. 

Department of Natural Philosophy, H. //. Wills Physical Laboratory , 
University of Glasgow. University of Bristol. 


THE SEPARATION OF THE OXYGEN ISOTOPES 
BY THERMAL DIFFUSION 


By R. H. Davies 

Received rzth February 1948; as revised 26 th October , 1948 


The results given by Lauder for the separation of oxygen isotopes in a thermal 
diffusion column are extended to take account of the 17 0 atoms. It is shown 
that the efficiency of the columns is approximately that predicted by the theory 
of Furry, Jones and Onsager. 


In a recent experimental paper by Lauder 1 the amount of enrichment 
of the heavy oxygen isotopes obtained in a thermal diffusion column 
was estimated by measuring the density excess of water prepared from 
the oxygen. The normal concentrations of the oxygen isotopes le O, l7 0 , 
18 0, are in the proportions 2494 11:5 and, since the enrichment obtained 
was small, it was assumed that all the density excess in any sample of 
heavy oxygen water could be attributed with little error, to an increased 
quantity of 18 0 . The method of calculation used by Lauder was not 
given in his paper but it is interesting that, from the data which he gave, 
the final concentrations of both 17 O and ls O can be calculated. This cal¬ 
culation is carried out below. 

It is also interesting to compare the experimental results with the 
theoretical analysis of Furry, Jones and Onsager 8 and this is done in the 
following section. Their theory predicts a separation factor which agrees 
roughly with that actually obtained by Lauder. 

1 Lauder, Trans . Faraday Soc., 1947, 43 * 

* Furry, Jones and Onsager, Physic. Rev., 1939, 55, 1083. 
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Calculation of the Final 17 0 and ls O Concentrations 

In the single-stage column described in Part I of Lauder's paper, 
let c be the concentration of 18 0, c { referring to the concentration at the 
top of the column, c t to that at a distance z down the column, c f to that 
at the bottom and c 0 to the original concentration. Let c\ c' it etc., refer 
to the corresponding concentrations of 17 0. 

Using Furry, Jones and Onsager’s notation, 2 at equilibrium we have a 
separation factor, 

7 =■ (77) = (2AL), . . . . (1) 

Ci \c </ 


where L is the length of the column and A is a quantity determined by 
the characteristics of the column and the gas (see below). (The value 
of A for l7 0- 1,$ 0 mixtures should be very nearly one-half that for l8 0- lB 0 
mixtures.) Two further relations follow from the conservation of the 
two isotopes in the column, flask and piping. Let Mi be the mass of 
oxygen per unit length of column when the cold wall temperature is T t ° K, 
p T the density of oxygen at T° K, and r lf r 2 , the radii of the cold wall and 
the hot wire respectively. Taking the volume of the flask and piping 
as to, 800 ml., and 700 ml., for that of the column, the temperature of the 
cold wall as 20° C (unstated in the paper), and 27 0 C for that of the gas 
in the flask and piping, and 400 cm. for the length of the column, we have 
for the conservation of ls O, 

C L 

c 0 { 10800 p 300 -f 4 °° Mi) = Mi 1 + 10800 c iP300 . (2) 

J 0 

and for the conservation of 17 0, 

C L 

c' 0 {io8oo p 800 + 400 = mi c\dz 4- 10800 c' t pt 00 . (3) 

J 0 

For Maxwellian molecules, Mi is given by 3 

Mi “*■ wfj 2 P r 2*1 • exp (t*) . f 2 exp (- t 2 ) d t, 
t T 

where 4 ~ = —* = 370, ( 7 ' 2 ° K = temp, of hot wire), 

h 1 

and log 0 (-•) = \{t.f - /, 2 ) = log„ (21-07). 

These values give mi = 1-1465 p Ti g./cm. At equilibrium, we have 

c B = c { exp (2 Az) . . . . . (4) 

From these equations we may estimate the concentrations and separ¬ 
ation factors for 17 0 and ls O for the density excess (700 p.p.m.) obtained 
at the optimum pressure. Taking a volume containing 2500 molecules 
of normal water, its weight is proportional to 


W Q = (2494)18 4- (1)19 4- (5)20 = 45011. 

The weight of a corresponding volume of heavy-oxygen water is pro¬ 
portional to 

Wi = 25oo{(i — c f — c' f ) 18 -f (^4)19 4- (c f ) 20}. 


The excess density is, therefore 

Wi — W o _ (2 c f 4- ^4)2500 — 1 1 
W 0 45011 


700 p.p.m. . 


8 Jones and Furr>^, Rev. Mod . Physics , 1946, 18, 211. 
4 Jones and Furry, ibid., 171. 


• ( 5 ) 



R. H. DAVIES 


147 


Eliminating c s and c' f from (5) by means of (2), (3), (4) and substituting 
for fi lt c 0 , and c' 0> the equation, 

10 exp 2x exp x 


exp 2X — 1 


+ 


2X 


4- 23-00 


exp x — 1 


1771, 


+ 23 00 


is obtained, where x — AL. The solution of this is x — 0*725, giving 
from (1), a separation factor 

exp 2 AL — — = 4-26, . . . . (6) 

and percentages 

c f — o-8i %, c'f — 0 081 %, c t = 0-191 %, and c\ — 0-039 %. 


The value c f -f c' f ~ 0*89 % compares with 0-9 % given in the paper, 
but — 0-23% is somewhat larger than the 0-18 % quoted by 

Lauder. 

Another estimate of the separation factor may be obtained from 
Part II of Lauder’s paper, in which a four-stage column is described. 
Let c f , now refer to the concentrations at the bottom of the fourth 
column, and c it c\ to those at the bottom of the first column. Assuming 
an approximately exponential approach to equilibrium, it seems likely, 
from Fig. 6 of the paper, that the excess density of a sample from the bottom 
of the fourth column, had equilibrium been reached at the optimum 
pressure, would not have exceeded 40,000 p.p.m. Taking this value, 
we have 


(2 Cf -f g/)25oo - 11 

45011 


40,000 p.p.m. 


and ~ — (-/) exp 6 AL. 

With — 0-2 %, c\ — 0-04 %, these equations give c f -- 36 %, c'f — 0-54 % 
and 


exp 2AL — 5-64. . . . (7) 


Theoretical Efficiency of the Column 

A third estimate of the separation obtainable at the optimum pressure 
may be made from the theory of Furry, Jones and Onsager 2 as developed 
for the hot wire column by Furry and Jones 6 and by Jones and Furry.® 
Using the following values : for the gas a — 0-00903 7 , D — 0-215 cm. 2 /sec., 8 
P T^ ~ T '33 I X 10 ~ u g./- sec -» 9 V -- 2 039 x io~ 4 poise 10 11 evaluated for a 
force index v — 7-6 11 and 7 \ — 20° C; and for any one of the columns : 


L = 

400 cm., r x 

-- 075 cm., r 2 = 

0 0375 cm. 

, T t — Sio° C, 

P --= 31-25 

cm. Hg, P 0 


> cm. Hg, the transport factors 

12 are 

a 

6M 

'y-p'g' 

\ f] ) 

■*! 

1 1 ' 

3-583 x 10-’ g. 

/sec. 

K c 

9!' 

'p a g 2 \ 

,D V *J 


II 

Cl c 

9-448 x 10- 5 g. 

cm./sec. 

K, 


- -■ • *-(g = f:) ■ 

= 8-436 x 10- 4 g. cm./sec. 



Therefore, assuming K v ~ o (see below) 

K e /K d 011, zAL = HL/{K C + K d ) = 1-528 

exp (2 AL) = 4-61 . . . . (8) 


6 Furry and Jones, Physic. Rev., 1946, 69, 459. 

6 Jones and Furry, ibid., 151. 7 Jones and Furry, ibid., 157. 

8 Chapman and Cowling, Mathematical Theory of Non-Uniform Gases, 1939, 

248, 251. 8 Kaye and Laby, Tables. 

10 Chapman and Cowling, ref. 8 , 221, 229. 

11 Chapman and Cowling, ibid., 223. 12 Jones and Furry, ref. B , 172. 
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Discussion 

The values taken for h, K e , K d above apply strictly only to a gas con¬ 
sisting of Maxwellian molecules (force index v = 5), and for a independent 
of temperature. Certainly H would be strongly influenced by any marked 
temperature dependence in a and K e should be larger for oxygen than 
for Maxwellian molecules, although K d should be fairly accurate. 18 In 
the first estimate, from the behaviour of a single column, apart from 
uncertainties in the volumes taken, the separation factor may be too small 
as f* will be larger for oxygen molecules than for Maxwellian molecules. 14 
In the second, the calculated factor is probably greater than that which 
would be obtained at equilibrium at the optimum pressure. 

In all the above, it is assumed that the 18 0 and l7 0 atoms occur in 
molecules of ls O 14 O and 17 0 1# 0 only. In the second estimate, there¬ 
fore, in which the concentration of 18 O is of the same order as that of 
lf O in the fourth column, a considerable proportion of ltt O ls O molecules 
must be formed, and the value of A for this column will be somewhat 
different from that for the other three. 

There is no question of turbulence being caused solely by a too rapid 
convective flow, as the Reynolds number for the flow, approximately 15 
2(K e /K d )i 2/3, is much smaller than the usual limiting value for a hot 
wire column of about 25. 

The values given in eqn. (6), (7), (8) for the separation factor agree 
quite well among themselves and also with the value 5 quoted by Lauder, 
and indicate that there was little parasitic flow (K v ) within the columns. 

The author wishes to express his thanks to Mr. J. T. Kendall for his 
interest, to Sir Arthur P. M. Fleming, C.B.E., D.Eng., Director of Research 
and Education, and to Mr. B. G. Churcher, M.Sc., M.I.E.E., Manager of 
the Research Department, Metropolitan-Vickers Electrical Co. Ltd., for 
permission to publish this paper. 

Research Department, 

Metropolitan-Vickers Electrical Co. Ltd., 

Trafford Park, 

Manchester, 17. 

18 Jones and Furry, ref. 5 , 213. 14 Simon, Physic. Rev., 1946, 69, 601. 

15 Jones and Furry, ibid., 173. 18 Jones and Furry, ibid., 207. 


STUDIES IN MEMBRANE PERMEABILITY 

PART V. ACTIVATION ENERGY OF DIFFUSION AND MEMBRANE 
POTENTIALS OF POTASSIUM CHLORIDE 
THROUGH CUPRIC FERROCYANIDE 


By J. D. Tolliday, E. F. Woods and E. J. Hartung 
Received yd March, 1948 


Additions to the apparatus previously described have been made in order to 
measure the permeability of a membrane to electrolytes over a temperature 
range of o° to 35 0 C. A constant flow apparatus for the measurement of mem¬ 
brane potentials has been constructed. 

The dependence of the properties of cupric ferrocyanide membranes on the 
electrochemical nature of the membrane has been established by both potential 
difference and permeability studies. The activation energy for the diffusion 
of KC 1 through nine membranes has been determined. A relation between the 
potential to KC 1 and the rate of penetration of KC 1 through thirteen membranes 
has been established. 
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Earlier work in this laboratory on cupric ferrocyanide membranes 
has dealt with the determination of permeabilities and potentials towards 
different electrolytes, 1 - *« 8 as well as adsorption phenomena by the 
membranes. 4 This paper attempts to correlate these membrane pro¬ 
perties and also to study the temperature coefficient of the diffusion process. 

Experimental 

The Membranes .—For our work, the most suitable support so far tried is 
hardened filter paper, 1 and specially selected discs of Whatman No. 50 papers 
were used throughout this work. 

The membranes were prepared by the method of Austin, Hartung and Willis, 2 
but their finding that no increase in thickness occurred after the first two days 
was not confirmed. After removal from the dialysing jar, the membranes were 
soaked on alternate days in copper sulphate and potassium ferrocyanide solu¬ 
tions. This treatment was continued until rigid, evenly dispersed structures 
were obtained, the last treatment being always with potassium ferrocyanide 
unless otherwise stated. Gurchot 8 found that the membranes are attacked by 
bacteria, and to minimise this effect thymol was placed in all solutions in which 
membranes were stored, and also in the electrolyte solutions used in the per¬ 
meability determinations. 

Microtome sections of several membranes showed that a very dense layer 
of precipitate existed near the surfaces of the paper, with sparse distribution in 
the centre. Under the microscope, the layers of precipitate appeared continuous 
and gave no indication of the possibility of mechanical leakage. 

Permeability Measurements. —The apparatus used for permeability deter¬ 
minations was essentially the same as the constant flow apparatus used by 
Austin, Hartung and Willis. 2 * Previously the apparatus had been used to measure 
the permeability of the membranes at 25 0 C only. Measurements now being 
required at temperatures ranging from o° to 35 0 , a second thermostat kept at 
25 0 (i o*o2°) was installed to bring the effluent from the permeability cell to 
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this temperature, at which the conductivity was measured. This device avoided 
much work in determining conductivity-concentration curves at different tem¬ 
peratures. The cell effluent was led into the second thermostat as in Fig. 1, 
the diameter of the silica tubing being such that at the maximum rate of flow 
there was a lag of 7 min. between the cell and measuring electrodes. These 
electrodes, of stout platinised-platinum wire, were placed as closely together 
as practicable to make the cell-constant small. They were held in position by 
distilled commercial pitch and led out through the top of the thermostat by 
stout copper leads. The effluent outlet was firmly clamped to the thermostat 
by an adjustable screw. 

1 Hartung, Kelly and Wertheim, Trans, Faraday Soc., 1937, 33» 398* 

* Austin, Hartung and Willis, ibid,, 1944, 40, 520. 

* Willis, ibid., 1942, 38, 169. 

4 McMahon, Hartung and Walbran, ibid., 1940, 36,415. 

* Gurchot, J. Physic. Chem., 1926, 30, 83. 
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For working at lower temperatures, tap water was led through a large coil 
of copper tubing in an ice bath and then through copper tubing interwoven 
between the apparatus in the thermostat. The water then passed through the 
condenser jacket to ensure that the temperature difference between the distilled 
water entering the thermostat and the water in the thermostat was small, thus 
minimising bubble formation due to dissolved air. By regulating the flow of 
tap water so that it would maintain the thermostat just below the desired tem¬ 
perature, the ordinary heating and cut-out system maintained the thermostat 
accurately at the lower temperature. 

The oscillator and null-point bridge detector showed a symmetrical wave form 
and were found to be reliable to one part in 500 at 50,000 ohm. 

Potential Measurements. —At first, the potential measurements were carried 
out using the Michaelis apparatus,® However, on filling the cell, the potential 
immediately commenced to drop, and steady readings could not be obtained. 
Unmack 7 has discussed the conditions under which stirring is a necessity in 
membrane potential measurements to overcome effects of diffusion, and it was 
therefore decided to allow the two electrolyte solutions of different concentra¬ 
tions (N/10, N/100) to flow slowly past the sides of the membrane, which was 
firmly clamped in a vertical position between rubber washers. The size of the 
cell (47 mm. diam.) was the same as that used in the permeability apparatus, 
so that an identical membrane could be used in both. Care was taken to ensure 
that no air bubbles were present in the cell, filling being carried out by applying 
suction at the top of the storage flasks. The rate of flow was adjusted by means 
of taps at the bottom of the storage flasks, and the solutions were run by short 
leads into beakers connected by agar bridges to the electrodes. No temperature 
control was attempted, but the temperature of the solutions was recorded for 
each series of measurements. It was assumed that the streaming potential 
could be neglected with such relatively high concentrations of strong electrolyte 
as were used. The rate of flow was varied from 60 ml. /hr. to 150 ml./hr. without 
appreciable variation in potential. 

Results and Discussion 

One of the main difficulties of studies on the behaviour of a cupric 
ferrocyanide membrane towards different electrolytes L a * 3 - 4 was the 
dependence of the properties of the membrane upon the order in which 
the various electrolyte solutions were placed in contact with it. The 
potential measurements obtained using various anions (potassium salts) 
illustrate this phenomenon. 

TABLE I.—Membrane Potentials (Potassium salts. Concentration Ratio 
N/10, N/100, Dilute side positive) 

Membrane 1 Membrane 2 


Day 

Anion 

Potential 

(mV) 

Day 

Anion 

Potential 

(mV) 

I 

ci- 

21-8 

I 

ci- 

5*6 

2 

so 4 - 

42*2 

2 

ci- 

5*4 

3 

so 4 - 

41*8 

3 

NO a - 

11-2 

4 

NO,- 

26-9 

6 

so 4 - 

43*6 

5 

NO,- 

26-8 

7 

Cl- 

16*1 

8 

ci- 

24-9 

8 

Cl- 

12*8 

9 

ci- 

24*8 

9 

ci- 

ii *9 

10 

c a o 4 - 

47-2 

10 

ci- 

11*4 

II 

1CV 

46*0 

13 

ci- 

12*2 

12 

BrO a - 

44 -o 

14 

Br- 

17*0 

13 

CKV 

43*3 

1 5 

I- 

28-1 

15 

Cl~ 

3«*3 




16 

ci- 

38-1 




17 

Cr0 4 - 

46*1 




18 

Fe(CN) e ; 

49*4 





•Michaelis, Kolloid-Z., 1933, 62, 1 - 

7 Unmack, from Manegold and Kalauch, ibid., 1939, 86, 186. 
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It is seen that, alter contact with other anions, particularly bivalent 
ions, the potential of the membranes towards the chloride ion is increased. 
In the case of membrane 2, contact with S0 4 - ions increased the potentials 
towards Cl- from 5*5 mV to 16-1 mV, showing that adsorption of 804- 
ions had occurred. The direct measurements of Hartung, 8 as well as the 
indirect work by Sen 9 and Hayashi, 10 support ionic adsorption by cupric 
ferrocyanide. The sign of the potential in the above case shows the mem¬ 
branes to be electrically negative in character, and this is increased by 
the adsorption of the bivalent anions as shown by the variation in the 
value of the reference chloride ion in the above series. A considerable 
portion of the S0 4 - adsorption is irreversible, as shown by the fact that, 
after contact with other anions, the potential towards Cl~ ion did not 
drop to the original value (5-6 mV) even after 6 days. 

Even allowing for this variation, the order of the potential values, in 
decreasing magnitude, given by various anions (constant cation) is— 
Fe(CN)4= C 2 0 4 ~, Cr0 4 -, SO*-, ICV, Br0 3 - CIO*-, I- Br~, N0 8 ~, C1-. 
The higher the potential, the lower is the expected permeability, and in 
this regard the above series corresponds almost exactly with the per¬ 
meability series obtained by Austin, Hartung and Willis, 2 who found the 
order of permeability in decreasing magnitude to be— 

Cl~, Br-, NCV, I- I0 3 -, S0 4 -, C*0 4 -, Fe(CN)^. 

The order of potentials obtained by us differs slightly from that of Willis * 
but is substantiated by Austin. 11 Because of the variation of the charge 
on the membrane (probably primarily due to adsorption) throughout such 
a series of measurements involving different anions, little significance 
can be attached to the actual magnitude of results obtained, unless the 
membrane can be stabilised to each electrolyte in turn and reproducible 
values obtained. 



8 Hartung, Trans. Faraday Soc., 1920, 15, 170. 

• Sen, /, Physic. Chem. t 1925, 29, 517. 

10 Hayashi, JKolloid-Z., 1926, 39, 209. 

11 Austin, private communication, 1945. 
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To see if this could be done, the Michaelis apparatus • was used to 
determine the potential of a cupric ferrocyanide membrane towards 
KC1 from day to day, the membrane being stored in distilled water be¬ 
tween the measurements. No steady state was reached after 30 days, 
nor was there systematic variation of potential with time. The same 
membrane was then stored in N/10 electrolyte between determinations 
and the potential observed for a further 16 days. It was now found that 
after 7 days the membrane reached a steady state and the potential measure¬ 
ments were reproducible to within 1 mV for at least a further 9 days. 
However, on diluting the storage electrolyte to N/too, unsystematic vari¬ 
ation without the attainment of a steady state was observed up to 45 
days. 

To see if contact with electrolyte of sufficient concentration would 
enable a steady and reproducible permeability value to be obtained, the 
permeability of a membrane to M/5 KC1 at 25 0 was observed for 22 days. 
During these measurements, the electrolyte solution was allowed to 
remain in contact with the membrane, no washing with water being carried 
out at any stage. Fig. 2 shows that after 9 days a steady state is obtained, 
the actual overall variation in the concentration of the lower effluent 
then being 0-00012 g. KC1 per litre. 

Similar results with other membranes showed that cupric ferrocyanide 
can be established to KC1, and in all subsequent determinations the 
membranes were stored in N/10 KC1 containing a crystal of thymol for 
at least 10 days before use. 

Correlation between Permeability and Potential. —Some mem¬ 
branes were prepared under as nearly identical conditions as possible 
and were stabilised before use. The potential was always measured 
immediately after the permeability determinations and, where convenient, 
beforehand as well. After stabilising, the permeability of a membrane 
to M/5 KC1 was determined on consecutive days, and if these agreed, 
measurements at various temperatures were carried out. The initial 
aim was to carry out the following determinations on each membrane : 
(a) temperature coefficient expressed in terms of activation energy for 
diffusion of KC1 (M/5) ; (b) potential to KC1 (N/10, N/100) ; [c) permea¬ 
bility to K 2 S0 4 (M/5) at 18 0 ; and (d) potential to K 2 SG 4 , but after three 
such series, it was apparent that the sulphate determinations could not 
be done successfully in conjunction with the chloride determinations, 
as the K a S0 4 equilibrium was established very slowly, and consequently 
the time taken to complete the series was excessive. Steady conductivity 
measurements of the lower effluent using K 2 S0 4 could not be obtained on 
any one day, and these measurements showed an increase in permeability 
with time. Since adsorption of sulphate ions would tend to decrease 
the permeability, this does not explain the phenomenon. With a mem¬ 
brane which allows the passage of only 0-03 millimole of K t S0 4 per hour, 
peptisation may occur because of the low concentration of electrolyte 
in the lower effluent. This would tend to desorb ions, thus giving an 
increased permeability value. 

The results on membrane No. 12 shown in Table II are typical of the 
KC1 determinations, the order in which measurements were made being 
given by the vertical column. 

These results give a very roughly linear plot. This has also been 
claimed by Falinski 12 for free diffusion and is usually the case when the 
temperature range is small. We have, however, followed the generally 
accepted practice of plotting log P against x/T (Fig. 3) as this gives some 
physical significance to the temperature coefficient of diffusion by enabling 
an " activation energy ” for the process to be calculated. The ap¬ 
proximately linear curve gives an activation energy of 5100 cal./mole. 

The potentials at room temperature for 13 similar membranes and 
the activation energies for the diffusion of KC1 for 9 of these are plotted 

11 Falinski, Compt, rend., 1944, 218, 754 ; 1944, 218, 938. 
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TABLE II.— Membrane No. 12. KC 1 M/5 


T 

P 

Temperature 

PC) 

Permeability 

(millimole/hour) 

l8*o 

0*0474 

l8-o 

0*0467 

21*4 

0*0533 

18-0 

0*0474 

21-4 

00535 

25‘4 

0-0609 

13*° 

0-0412 

30*0 

0*0677 


Permeability at 18 0 C 
= 0-0474 millimole/hr. 

>. Potential after permeability 
determinations— 

1st day 37*6 mV 
2nd day 37*3 mV 
(Temperature 19 0 C) 


against the permeabilities at 18 0 in Fig. 4. These activation energies 
all lie between 4950 and 5250 cal./mole. Free diffusion coefficients 
for KC 1 quoted in the literature vary considerably even for the same con¬ 
centration, but the values correspond generally to an activation energy 
between 3700 and 4400 cal./mole. In spite of the limitations of the 
experimental material, there is evidence that the energy barrier which 
the ions must surmount in passing the membrane is greater than that 
for free diffusion. This is as expected, the membrane barrier in the case 
of ions being mainly electrostatic. An indication was obtained during 
preliminary work that the activation energy for membrane diffusion of 
K 2 S 0 4 (M/5) was of the order of 5900 cal./mol. 



Fig. 3. 


The poor correlation shown in Fig. 4 between membrane potential 
and permeability for KC 1 for the more permeable membranes compares 
unfavourably with that obtained by Wilbrandt 18 for HC 1 through collodion. 
We believe this to lie in the less reproducible geometrical structure of 
copper ferrocyanide membranes as compared with collodion. As high 
membrane potential is associated with low permeability, the presence in 
an otherwise fine-pored structure of a relatively small number of wide 
irregular pores, in which the electrical charge density is not sufficient 


1* Wilbrandt, J. Gen. Physiol., 1934-5, 3 ®* 933 - 
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to oppose effectively the entrance of one of the ions, may have a con¬ 
siderable effect on the permeability, but relatively little effect on the 
potential. Wilbrandt found indeed that collodion from different sources 
gave little correlation between permeability and potential. 
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Fig. 4. 

Adsorption of CuS 0 4 and K 4 Fe(CN) 8 on the Membranes.—Austin, 
Hartung and Willis 2 found that treatment with K 4 Fe(CN) 8 enhanced 
the selectivity of the membrane and decreased the permeability to ions, 
whereas treatment with CuS 0 4 increased the permeability to ions. Cor¬ 
responding to these changes in permeability, Austin 11 found corresponding 
changes in potential ; adsorption of K 4 Fe(CN) 8 increased the potential 
with N/10 and N/100 KC 1 , and adsorption of CuS 0 4 decreased it and in 
the latter case may even reverse the surface charge on the membrane. 
As Austin had only tested one membrane in such potential measurements, 
they were repeated. A membrane was treated with CuS 0 4 for 3 days 
and was found to have an initial potential towards KC 1 of — 39-8 mV. 
The variation of potential with time was observed. For the first 23 days, 
the membrane was stored in distilled water between determinations, and 
it was found that between the twelfth and twenty-third days the values 
only varied over 2 mV, the value after 23 days* observations being — 26*6 
mV. The potential towards KNO s was then studied, the membrane being 
stored in distilled water between measurements, and it was found that, 
although the results varied more than with KC 1 , no great change in po¬ 
tential occurred. After the thirty-first day, the value was — 19*0 mV. 
The storage medium was then changed to N/10 KNO„ and a rapid rise 
in potential was obtained ; the potential reversed in sign and after a 
further 10 days rose to a steady value of -f 35*5 mV. As before, storage 
in dilute electrolyte did not give a steady value. 

The rapid rise of potential on storing membranes treated by Cu++ 
solutions in potassium salt solution suggests an exchange between K+ 
and Cu++ ions. McMahon, Hartung and Walbran 4 found in their ad¬ 
sorption experiments on Cu 2 Fe(CN) 8 a slight cationic displacement of 
Cu+ + by Na + . We confirmed this by treating a membrane with CuS 0 4 
for 3 days and washing with distilled water until no more copper was 
desorbed, as indicated by sodium diethyl dithiocarbamate. The mem¬ 
brane had a negative potential. On the addition of M KC 1 , a rapid liber¬ 
ation of Cu++ occurred, giving a very strong positive test for Cu++, and 
the potential became positive. Quantitative estimations on two mem¬ 
branes showed that 0*094 an d 0*165 mg. respectively of Cu ++ were liberated 
per cm. 1 of membrane. 
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Two membranes prepared in the usual way were kept, one in M/5 
CuS 0 4 for 3 months, the other in M/5 K 4 Fe(CN) § for the same period. 
They were then tested for potential and permeability ; the latter showed 
a constant potential of 49 mV after one week, and the permeability was 
0*0153 millimole/hr. The former had an initial potential of — 21*5 mV, 
which rose to a maximum value of + 26 mV in 2 months, the membrane 
being kept in contact with N/10 solution on one side, N/100 on the other. 
This rise in potential is attributed to slow liberation of Cu ++ ions. 

The permeability and activation energy of diffusion of KC 1 of this 
membrane were then determined and the activation energy found to be 
4500 cal./mole, which is markedly lower than the values previously ob¬ 
tained for the ferrocyanide-treated membranes. 

Three membranes whose activation energies and potentials had been 
determined were treated with Cu + + ions for 48 hr., then kept in fresh 
changes of M KC 1 until no more Cu+ + could be detected in the solution, 
and the activation energies and potentials redetermined. The results 
are shown in Table III. It is seen that treatment with Cu ++ yields 

TABLE III 



Fcrrocyanide Treated. 

I Copper Treated and Restabilised to KC 1 . 

Membrane 

No. 

Potential 

Permeability " 

Activation 

Energy 

(cul./mol.) 

Potential 

Permeability 

Activation 
Energy 
(cal. /mol.) 


(mV) 

(miHimole/hr.) 

(mV) 

(millimole/hr.) 

21 

45*3 

0*0356 

5250 

26*0 

0*0874 

4400 

22 

48-0 

0*0223 

5150 

29*5 

0*0631 

4250 

2 7 

42*3 

0*0284 

5150 

28*3 

0*0449 

4850 


membranes of higher permeability and correspondingly lower potentials 
and activation energies. This must be due to a decrease in the net 
negative charge on the membrane. Further work is being done on the 
adsorption of Cu ++ on Cu t Fe(CN) 4 membranes. 

Chemistry Laboratories, 

University of Melbourne, 

A ustralia. 


POLARISABILITY AND DIELECTRIC CONSTANT 
OF IONIC CRYSTALS * 


By B. Szigeti 
Received 25 th March, 1948 

The polarisability of a crystal is connected with its natural frequencies. It 
follows from papers by Lyddane and Herzfeld, and Frohlich and Mott, that in 
static fields or for very long external waves the polarisability varies with the 
shape of the material. In the case of short waves, on the other hand, the 
polarisability is independent of the shape of the material but depends on whether 
the wave is longitudinal or transverse. It is shown that the Clausius-Mosotti 
formula connecting the polarisability a with the dielectric constant c i.e. 
(< — i)/(« + 2) = (4^/3)a, holds if a is the polarisability of a sphere in 
very long external waves ; the Drude formula, * — 1 = 4»ra, is valid if a is 
the polarisability for short transverse waves, while for short longitudinal waves 
47T0C * (f - x)/«, 

♦ Parts of this paper are based on E.R.A. Report Ref. L/T 203. 
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In terms of the normal vibrations of the crystal, the polarisation is divided 
into high-frequency or ultra-violet and low-frequency or infra-red parts. The 
first contains purely electronic displacements and the second both displacements 
of ions as a whole (atomic polarisation) and shifts of the electrons relative to 
the nuclei. The interaction of the atomic and electronic displacements in the 
course of the infra-red polarisation is separated into short-range and long-range 
effects. Although the short-range interaction should vanish in an ideal hetero- 
polar crystal with cubic lattice, experimental data show that it has quite con¬ 
siderable values even in alkali halides. 


An often recurring difficulty in dielectric theory is the connection 
between polarisability and dielectric constant. This is connected with 
the question, what is the effective field which polarises the material. The 
polarisability a M of a single molecule is defined by 

fi = a U E, 


where /* is the dipole moment induced on the molecule if the field E acts 
upon it. Similarly, for a macroscopic material we can define a the 
polarisability per unit volume by 

P = aEvtt., .(i) 

where P is the polarisation per unit volume if an effective field of value 
iseff. acts upon the material. The inherent difficulty is the value of the 
effective field. The Drude formula puts it equal to the average macro¬ 
scopic field E, i.e. E e tt. = E which leads to the simple connection between 
the dielectric constant e and the polarisability, 

c — I = 47ra. . . . . (2) 

The Clausius-Mosotti Lorentz-Lorenz formula, on the other hand, is 
based on the argument that the macroscopic field E is the sum of the field 
due to external sources and of the internal field which is due to all the 
dipoles induced in the material. In order to obtain the effective field 
acting on a particle, the contribution of this particle, the “ self-field ", 
has to be deducted from E, since the particle is not polarised by its own 
field. This argument results in 

Eeti. = E -f* 4 7r -f > 

for isotropic materials, from which the well-known formula 

c — 1 47r 

—.— = —-a . 

« + 2 3 

is derived. 

Since we are here interested mainly in ionic crystals, we 
ourselves to materials which contain no permanent dipoles, 
customary to divide the polarisability into two parts 


• ( 3 ) 

can restrict 
It is then 


a = a* -f ae, 

where the atomic polarisability a B arises from the displacements of ions 
as a whole and the electronic polarisability a* from the displacement of 
the electron cloud relative to the nuclei, ote can be expressed with the 
aid of the optical refractive index n , and the Drude formula (2) then leads 
to 

€ — fl 2 = 47r0Ca . . . . (4) 

while the Clausius-Mosotti equation (3) gives 


c — 1 n 2 — 1 47T 

C + 2 n 2 4- 2 ** "3“ 


( 5 ) 


where e denotes the static dielectric constant. 

The Clausius-Mosotti formula is based on the idea that we draw a 
sphere around each particle, molecule or ion ; the particle is assigned a 
polarisability consisting of atomic and electronic parts, and the field 
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acting upon it, the “ local field/' is taken as the value of the field at the 
centre of the sphere minus the self-field of the particle. This is a good 
approximation for organic materials, where the intermolecular forces are 
so weak that the subdivision of the material into molecules each having 
its own polarisability independently from the others is a good approxim¬ 
ation. But the formula breaks down for ionic crystals. The theorem 
yields for ionic crystals, 


n l — 1 
n % -f- 2 




(a e ,i + ®e,2)* 


where ae, 1 and a©, 2 are the electronic polarisabilities of the two constituent 
ions, and should have the same value for the same kind of ions in all com¬ 
pounds, irrespectively of the other ion. Measurements on alkali halides 
show, however, that this is not quite true. 1 

As pointed out by Heckmann, 8 the reason why the Clausius-Mosotti 
theorem breaks down for ionic crystals is that the ions partially overlap. 
In this case the concept of drawing a sphere with one ion inside and all 
others outside does not work. The interaction of the ions is not the same 
as it would be for point dipoles, and putting the effective field acting on 
an ion equal to the value of the field at its centre is a bad approximation. 
Also, the oscillations of the ions are strongly coupled so that they cannot 
be considered as individual oscillators each having its own polarisability 
independently of the others. 


I. Infra-red and Ultra-violet Polarisation Waves 

In order to relate the polarisability with the fundamental properties 
of the material, we introduce the natural frequencies of the crystal. It 
turns out that in this case neither the division of the polarisability into 
atomic and electronic contributions nor the concept of the local field 
are useful. 

The reason against division into atomic and electronic polarisations 
is that they are not independent quantities. The distribution of the 
electron cloud depends on the interatomic distance and the displacements 
of ions therefore induce a shift of the electron cloud. This effect, which 
was first pointed out by Eucken and Buchner, 8 is a short-range effect, 
since it only depends on displacements of near neighbours. There is also 
another type of interaction between atomic and electronic polarisations, 
for the field set up by the displacements of the ions polarises the electrons 
and vice versa. This interaction through the internal field is a long-range 
effect, for the contribution of distant as well as of near dipoles to the 
field acting on a particle is important. This is because while the field of 
a dipole decreases as i/r z , the number of dipoles at distance r from a par¬ 
ticular lattice point increases as r*. 

In the case of ionic crystals we are dealing with small displacements 
so that we can assume a harmonic potential. In classical physics it is 
then possible to separate the polarisation in terms of the normal vibrations 
of the crystal which are independent of each other and each of which 
has its own frequency. A similar treatment is possible in quantum- 
mechanical dispersion theory, where the polarisation is ascribed to a number 
of virtual oscillators so that we may again separate it into independent 
contributions, each corresponding to a characteristic frequency of the 
crystal. In other words, we may write the polarisation as P ~ p x + p% + 

. . . where each term is the contribution of one of these oscillators. The 
independence of these contributions implies that they do not interact 
with each other and any one of them is independent of the values of all 
the other p*$. 

1 Mott and Gurney, Electronic Processes in Ionic Crystals (Oxford University 
Press, 1940), p. 18. 8 Heckmann, Z. Kristy 1925, 61, 250. 

8 Eucken and Bttchner, Z. physik. Chem. B, 1934, Th 3 21 - 

6 
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Some of the characteristic frequencies are in the ultra-violet or visible 
parts of the spectrum. These are connected with electronic displacements 
only, as the frequencies are too high for the nuclei. The other frequencies 
of the crystal are in the infra-red and are connected with the lattice 
vibrations ; these frequencies are determined by the nuclear masses, but 
the vibrations contain both atomic displacements and displacements of 
the electrons relative to the nuclei. 

The polarisation connected with these infra-red vibrations is sometimes 
called atomic polarisation, but we shall refer to it as infra-red polarisation 
in this paper, since the electronic contribution to it is quite considerable 
and can hardly be considered as a mere satellite to the atomic polarisation. 
The displacements of electrons are not determined by the neighbouring 
nuclei alone, but also by the long-range internal field, which depends on 
the nature of the wave. While electronic and atomic contributions 
reinforce each other for transverse infra-red waves, they have opposite 
signs for longitudinal waves (cp. eqn. (32), (28) and Table I). 


II. Polarisation in Static Fields and very Long Waves 

We may split M, the total dipole moment of the crystal in the direction 
of one of its principal axes, into two parts 

M = Mi + M u 

where M u is the contribution of the purely electronic oscillators with ultra¬ 
violet or visible frequencies and M { is the infra-red polarisation. De¬ 
noting the normal co-ordinates of the lattice vibrations by Qj we can write 



since first-order terms need only to be considered. The normal vibrations 
consist of standing waves and only those with infinite wave-length con¬ 
tribute to M, as for the others the dipole moments in the opposite halves 
of a wave cancel. If there are more than two kinds of atoms then there 
are, in general, several normal vibrations with infinite wave-length and 
the sum in eqn. (6) extends over these. It is characteristic for these par¬ 
ticular vibrations that all basic units of the crystal vibrate with equal 
amplitude and pha.se. By a “ basic unit ” we mean the smallest unit 
from which the lattice can be built up by primitive translations. This 
unit is often smaller than the crystallographic unit cell ; e.g., in alkali 
halides it contains one positive and one negative ion. 

For vibrations with infinite wave-length, (6) can be written 

= • • • • (7) 

if n is the dipole moment of one basic unit, N the number of such units in 
unit volume and v the volume of the crystal. q jt the normal co-ordinate 
per basic unit, measures the strength of the _;th normal vibration. The 
displacement of each atom in the course of this vibration is proportional 
to q, where 

x kJ = 

x kj being the displacement of the ^th atom and c kf the proportionality 
factor which measures the contribution of this atom to the 7th normal 
vibration ; k runs over all atoms in one basic unit. The c^'s are subject 
to the usual normalisation condition : 

y c ijWh ■== 

Je 

where m h is the mass of the /*tli atom. 
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In a perfectly polar crystal each ion carries a charge ze t valency times 
electronic charge. If the lattice vibrations consisted of displacements 
of ions as a whole, then the dipole moment would be given by 

N — e ^ Vn = eq, }T z k c„, . . . (8) 

k k 

z k being the valency of the £th ion. In general the electronic shells are 
also doformed by the atomic displacements and then eqn. (8) does not 
hold. But in any case ^ certainly vibrates in phase with the atoms and 
is proportional to the atomic displacements and to q t . This fact is 
expressed by eqn. (7), which also holds for crystals in which the charge 
is less than ze. 

Let us now consider the crystal in the course of its 7th normal vibration. 
In absence of an external field the potential energy of each basic unit is 
where is 2 it times the frequency. The displacement q, is 
connected with a uniform polarisation throughout the crystal, giving rise 
to an internal field. The potential energy is due partly to the action of 
short-range forces and partly to the long-range interaction through the 
internal field. 

If the crystal is in the same state of polarisation but there is an addi¬ 
tional external field present, then the total electric field in the crystal 
is 

E = E e xt. + Emt., . . • • ( 9 ) 

Eext. being the field due to external and Emt. to internal sources. We 
assume, for the time being, that the external field has the same value 
everywhere in the crystal. The potential energy of a basic unit now is 

— Eext.tr—^, .... (10) 


where ('btij'bq j )q i is the dipole moment connected with displacement q t 
and only E ex t. has to be considered in the second term. _Ei nt . is determined 
by q f and for a given configuration its value is the same whether or not 
there is an external field acting ; its effect is therefore contained in the 
term \a^ ) q 2 J . The internal field due to the other normal vibrations or 
to the ultra-violet polarisation P u need not be considered either, since, 
according to what has been said in the previous section, these do not 
interact with q t . 

The expression (10) is the potential energy of a harmonic oscillator 
whose equilibrium position is 

Dix/iiq, 

q* — t-ext. o“* 


Inserting this result into eqn. (7) we have, in presence of an external 
field 


Nl i = Eex t. A r t> ^ 


(<W <>&) 


The infra-red polarisation is P t — MJv, where the mean value of 
is used since we have to average over fluctuations in time. Putting 

.... 


we have 


&iE C xt.> 


where ot, may be identified as the infra-red contribution to the polarisa- 
bility which is now defined in terms of the natural frequencies of the 
material. Comparing (12) with (1) shows that the effective field is due to 
external sources only, because the effect of the internal field is contained 
in the frequencies and therefore in a<. All the difficulty in calculating 
the interaction with the internal field is contained in the 'bfi/'dq’s. 
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Similarly to (12) we may define a high-frequency or ultra-violet 
polarisability a u by 

P v = a w £ext..(13) 

and a total polarisability a by 

P = aEext.,.(14) 

where « = 

a„ is determined by the frequencies of the ultra-violet virtual oscil¬ 
lators in a similar way as a* is given by (11), but we shall not need this 
connection. 

Using the definition of the dielectric constant 

€ — 1 = 4 »P/£ f .... (15) 

eqn. (14) can be written 

e — I “ 47T0cEext./£.(l6) 

While € is, of course, independent of the shape of the material, a is not, 
because it contains the interaction through the internal field. Lyddane 
and Herzfeld 4 have shown for the infra-red polarisation that if the external 
field has the same value everywhere in the crystal, i.e. in case of static 
fields or waves very long compared with the size of the material, then 
the interaction through the internal field depends on the shape of the 
material. Following their argument it is easy to show that for such 
external fields a u as well as a< depends on shape. 

If the material is a slab polarised across, which is the usual case for 
the dielectric in a condenser, then it is known from electrostatics that 

Pint. = — 4 nP — — (e — l)E . . . (17) 

the second equation following from (15). The negative sign is used since 
polarisation and internal field have opposite directions. On the other 
hand, if the slab is polarised along one of its long axes. 

Pint. = o.(18) 

While if the material is a sphere 

■Elat. = - (4»/3 )P = - 3(e — I )E. . , . (19) 

Inserting, in turn, (17). (18) and (19) into (9), we have 

for the slab polarised across, P ex t./P = e ; 
for the slab polarised along, P cx t./P = i ; 
and for the sphere, E W JE =* (e + 2)/^ 

£ext. is the field due to external sources and is, of course, not identical 
with the dielectric displacement of macroscopic theory. Inserting these 
values of P? x t./P, in turn, into (16) gives 

(e — l)/e = 47 ra A 
€ — X ~ 4 7T 0 Cj| 

€ — I ATT 

where an and a s denote the polarisabilities across and along a slab, 
and of a sphere, respectively. These equations show how strongly the 
polarisability depends on shape. For alkali halides, for instance, c ^ 5, 
so that a g /a x ^ 2*1 and a l( /a x ^5. 

III. Short Longitudinal and Transverse Waves 

So far we have considered the case that the wave-length of the external 
field is very long compared with the size of the material. The case when 

4 Lyddane and Herzfeld, Physic . Rev., 1938, 54, 846. 
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the wave-length of E e xt. is short compared with the material but still 
very long compared with the unit cell is also of interest since this is the 
case for infra-red, visible and near ultra-violet rays. As infinitely long 
external waves can interact only with the normal vibrations of the crystal 
with infinite wave-length, so for shorter waves the summation in eqn. ( 6 ) 
and (u) extends over those vibrations of the crystal which have the same 
wave-length and direction of polarisation as the external field, since for 
all other vibrations the interaction energy — fiE ex t. vanishes when summed 
over the whole crystal. While the natural frequencies are different for 
longitudinal and transverse vibrations , 4 * 5 they do not vary with wave¬ 
length down to much shorter waves than considered here.® It will be shown 
presently that the ’bfi/bq ’s are also independent of the wavelength. 
Eqn. (u) can therefore be written, 


for longitudinal waves, 
and for transverse waves, 


a*. 


a tt 


r(Wl 

2* o)\i 

£ a>J, . 


( 21 ) 


where the indices li and ti refer to longitudinal and transverse infra-red 
waves, respectively. We have neglected the dependence of the polar- 
isability on the frequency of the external field, for we shall restrict our¬ 
selves to the case that this frequency is much lower than all the w's 
appearing in eqn. (21). 

In connection with the external field, it has been shown by Lyddane 
and Herzfeld * and by Frohlich and Mott 6 that when the wave-length of 
E ex t. is smaller than the material, then the internal field is independent 
of the shape of the material and depends on whether the wave is longi¬ 
tudinal or transverse. These authors only considered infra-red polar¬ 
isation waves but their results are obviously also valid for the ultra-violet 
part of the polarisation. Since the wave-length is large compared with 
the lattice dimensions, within any microscopic region comprising a large 
number of atoms we may regard both the polarisation and Emt. as uni¬ 
form. The authors quoted have shown that for longitudinal waves, 

Emt. = — 4 wP, .... (17 a) 

while for transverse, Emt. = o, . . . . . (18a) 

where Emt. and P refer, of course, to the same microscopic region. These 
last two equations are identical with (17) and (18), respectively. There¬ 
fore, with the same procedure as equations (20) were derived, we obtain 

C — i/ € = 47 rct t ; € — I = 4irOC< . . . (22) 

and comparison with (20) shows that 

= a A ; a, « a„ . . . . (23) 

Eqn. (23) must hold separately for the infra-red and ultra-violet polaris¬ 
ations, as these are independent of each other. Thus 


or 


am = am ,* a M = aj 
a<« == a„ tt , oc ^ 

• 

• (24) 

^ < 0 ? CO* 

^ J 

• 

• (2I«) 


5 Frdhlich and Mott, Proc. Roy. Soc. A, 1939, 171, 496. 

• Boro and Gdppert-Meyer, Handb. Physik, 1933, 24 (2), 638. 

* An error contained in Lyddane and Herzfeld’s paper has been corrected 
subsequently. 7 

7 Lyddane, Herzfeld and Sachs, Physic . Rev. t 1940, 58, 1008. 
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Since it also follows from the paper by Lyddane and Herzfeld that every 
w t is equal, in the present approximation, to an a> x , we may also conclude 
that every d/x/ityi is equal to the corresponding <W<ty x . This can also 
be seen as follows. The near neighbourhood of any basic unit may be 
regarded as uniformly polarised in the course of all vibrations considered 
here, so that the short-range interaction is the same in each case. The 
long-range interaction is also the same for the longitudinal and j_ case, 
because the internal field is the same. In the present approximation, 
therefore, the potential energy of a basic unit is the same function of its 
displacement co-ordinates in these two cases, which means that both 
the normal displacements and the corresponding restoring forces are the 
same. This demonstrates the equality of corresponding a>'s and 'bfi/'bq’s 
for longitudinal and ± vibrations. The only difference is that for j_ all 
unit cells vibrate with the same amplitude while for longitudinal waves 
they have different amplitudes in different microscopic regions. By a 
similar argument the same equality holds between the w/s and <o„’s, 
and the d/z/%’s and (Wean's, respectively. 

IV. The Various Formulae for Infra-red Polarisability. 

Eqn. (20) and (22) must hold separately for the ultra-violet and the 
infra-red polarisations. The ultra-violet parts of these equations can 
be written : 

n 2 — 1 

—‘2 4 7ra i« 4 7r0t itt 

i — 47 ra IIB ^ 4f • • • ( 2 5 ) 

n 2 — 1 __ 4n 

« i "+~2 3 “ S “ J 

where n a , the square of the optical refractive index, is the high-frequency 
dielectric constant. This is the only polarisation that takes place if the 
frequency of the external field is higher than the characteristic frequencies 
of the lattice vibrations. Subtracting eqn. (25) from the corresponding 
eqn. (20) and (22) we obtain for the low-frequency or infra-red contribution 
e — I fi 2 — I 

—~— — —^5— — 4 7T0C j..* — 4 7ra i,< 

c — n 2 = 4 TraCji, = 47ra <tl ► . . (26) 

e — i n 2 — 1 47 7 

«+ 2 ~~ ***"+"2 ~ T as,< J 

Eqn. (26) give the dependence of infra-red polarisability on the shape 
of the material and the nature of the external wave. The second of these 
equations has the same form as (4) and the third is similar to (5). It is 
seen, therefore, that if we replace in those equations a* by oq, both these 
seemingly contradictory formulae are correct. The Clausius-Mosotti 
formula (5) is correct if a means the static polarisability of a sphere ; 
while (4) is correct if a is the polarisability for transverse waves. The 
correction, however, that a a should be replaced by oq, i.e. that the elec¬ 
tronic contribution to the infra-red polarisation should be taken into 
account, is important. 

It is also worth remembering that the Clausius-Mosotti formula is 
used in two different ways, viz. in a macroscopic and a microscopic sense 
(cp. Frohlich °). In the first case it connects the dielectric constant with 
the macroscopic polarisability of the whole material, like eqn. (26). The 
microscopic Clausius-Mosotti formula, on the other hand, uses the polar- 
isabilities of the individual molecules or ions. In case of ionic crystals 
this is not correct, for the ions are not independent oscillators and have 
therefore no well-defined individual polarisabilities. 
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If the crystal contains only two kinds of atoms, then each of the a/s 
in (26) contains only one term, i.e. there is only one m Uit one a> { ,, and one 
a> gt< connected with the polarisation in any principal direction. For non- 
cubic crystals, the oc's, the a>’s and the ^fi/'dq's are, of course, different 
for the different principal directions. The connection between the various 
infra-red frequencies and 'bfi/'bq’ s has been calculated for diatomic crystals 
by Lyddane, Sachs and Teller. 8 9 Introducing the frequency v, where 
2 ttv = to, and dropping the index i from v { and fy/tyo their results are, 
in our notation 





V 2 = 


e -f- 2 
n 2 + 2 


•? 



n 2 - f- 2 /x 
3 


(27) 

(28) 


where, for non-cubic crystals, all quantities refer to the same principal 
direction. The only approximation contained in these results is the one 
used throughout in the present paper, namely that the displacements 
are small so that both the dipole moment p and the restoring force is of 
first order in q. In a following publication these calculations will be ex¬ 
tended to other crystals, but now we shall restrict ourselves to crystals 
for which eqn. (27) and (28) are valid, i.e. for which each a* contains only 
one term. 


TABLE I 


Substance 

z 

Lattice type 

e 

M 2 

e~n a -=47i«t 

At (cm.-*) 

. 


s 

LiF 

I 

1 NaCl 

9-27 

1*92 

7*35 

32-6 

171 

0-87 

NaF 

I 

NaCl 

6*o 

1-74 

4-26 

40-6 

1-56 

o-93 

NaCl 

I 

NaCl 

5-62 

2-25 

3*37 

6l-l 

2-01 

0-74 

NaBr 

I 

NaCl 

5’99 

2*02 

3*37 

747 

2-37 

0-69 

Mai 

I 

NaCl 

6-t>o 

2*91 

3-69 

85-5 

2-68 

0-71 

KC1 

I 

NaCl 

4-08 

2-13 

2*55 

707 

1-90 

0*80 

KrBr 

1 

NaCl 

478 

2’33 

2*45 

88-3 

2-08 

0*76 

KI 

I 

NaCl 

4*94 

2-69 

2-25 

102*0 

2-45 

0-69 

RbCl 

I 

NaCl 

5 

2-19 

2‘8i 

848 

1*95 

0-84 

RbBr 

1 

NaCl 

5 

2-33 

2-67 

II40 

2-08 

0-82 

RbJ 

X 

NaCl 

5 

2-63 

2*37 

129-5 

2-38 

0-89 

CsCl 

I 

CsCl 

7*20 

2* 60 

4-60 

102 

2*34 

0-84 

CsBr 

1 

CsCl 

6-51 

2*78 

373 

134 

2*53 

0-79 

T1CI 

I 

CsCl 

3i*9 

5*10 

26*8 

117 

5-6 

1-08 

CuCl 

I 

ZnS 

10 

3*57 

6*43 

53 

3‘45 

l-IO 

CuBr 

I 

ZnS 

8 

4-08 

3.92 

57 

4-10 

0-995 

MgO 

2 

NaCl 

9-8 

2'95 

6-85 

17*3 

273 

o-88 

CaO 

2 

NaCl 

n-8 

3'28 

8-52 

27*4 

3-10 

0-76 

SrO 

2 

NaCl 

I3'3 

3*31 

9*99 

47 

3*14 

0-58 

ZnS 

2 

ZnS 

8*3 

5'° 7 

3*23 

33 

5*57 

0-48 

Cab 2 

2 

CaFg 

8*43 

1 '99 

0-44 

5i-5 

1-77 

o *74 

SrFj 

2 

CaF a 

7*69 

2’08 

5 *6 i 

69 

1*85 

0-65 

BaF 2 

2 

CaF a 

7-33 

2*09 

5-24 

73 

x-86 

0-70 

Rutile ± 

2 

TiO a 

89 

6-82 

82-18 

/3°*5 

I 41 

8-7 

8-7 

o-88 

0-65 

Rutile || 

2 

TiO a 

173 

8-42 

164-58 

jv 

150 

i 

12-I 

12*1 

o-79 

0-65 


8 Lyddane, Sachs and Teller, Physic. Rev., 1941, 59, 673. 

9 Frdhlich, Theory of Dielectrics (Clarendon Press) (in press). 
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Eqn. (28) shows that the ratios of the various IfifDq’s depend only on 
n % and not on e. This is because the displacements of the nuclei are the 
same in all cases, being determined by the ratio of masses, and only the 
displacement of the electron cloud relative to the nuclei is different for 
the various cases, and this involves n % . 


V. Long-range and Short-range Interaction between 
Atomic and Electronic Displacements 


Among eqn. (26) the second is of chief interest, since only the trans¬ 
verse frequency can be obtained from the absorption spectrum. Sub¬ 
stituting for a, this equation gives 


€ 


n* = N 


' ‘ 


(29) 


This equation has been derived by Lyddane, Sachs and Teller. We shall 
now separate the effect of long-range and short-range interaction in 
Although /tmt. — o for transverse waves, this does not mean 
that the long-range interaction vanishes, since E\ n i. is the field due to 
all dipoles, not only to the distant ones, and contains the self-field of any 
particle considered. As Lorentz has shown, it is in the case of a uniformly 
polarised sphere that the long-range interaction vanishes. It is there¬ 
fore <o s and <V/d</ 8 which are independent of long-range forces. 

In case of a perfectly polar crystal, if the electron shells were rigid 
so that the lattice vibrations contained no electronic polarisation, the 
dipole moment induced by the infra-red vibration would be given by 
eqn. (8). Born showed that for this case 

= zeV i/m, + i/m, . . . (30) 


Wj and m 2 being the masses of the positive and negative ions, respectively. 
If the electron shells are deformable then eqn. (30) gives the contribution 
of the atomic polarisation alone, i.e. the polarisation due to the displace¬ 
ment of ions as a whole without distorting their electron shells. This is 
indicated by the index a after tfx/'dq. 

Eqn. (30) was derived by Bom under the assumption of central forces, 
but it actually holds whether the forces are central or not, for cubic and 
anisotropic crystals, as long as the electron shells are rigid. The condition 
that the centre of gravity of each unit cell is at rest, 


m 1 x + -f nti*- — o 

and the normalisation condition of normal co-ordinates, 

m t x‘ + m^ei = q\ 

imply that 

#+—*_== qVi/m 1 -f i/m t . 

Substituting this last equation into (8) and differentiating results in 
eqn. (30). 

For deformable ions which do not overlap the Lorentz theorem 
holds and the field exerted on an ion by all others vanishes in a uniformly 
polarised sphere if the lattice is cubic. In this case the field set up by the 
displacements of ions does not act on electrons and the infra-red a s does 
not contain electronic polarisation. Therefore, for this ideal case eqn. 
(8) holds and is given by (30). For longitudinal or transverse 

waves, on the other hand, the long-range interaction does not vanish 
and such infra-red waves do contain electronic polarisation. Eqn. (28) 
shows that is larger and smaller than ; this shows 

that for longitudinal waves electronic and atomic polarisations have 
opposite sign, while for transverse waves they have the same sign. 

In real crystals, however, the ions always overlap to some extent. The 
Lorentz theorem is then not valid and there is a field acting on each ion 
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due to its neighbours, even in a uniformly polarised sphere. We may 
put /is = sze(x + - *_) | 

and <V/ 3 y s = sze V x/m, + i/m,J 

where 5 is a correction factor for deviation from ideal heteropolar behaviour 
and depends on the short-range dipolar interaction. The long-range 
interaction still vanishes, since this is of course not affected by the over¬ 
lap of neighbouring ions. d/x/^s an( i 5 therefore depend on short-range 
forces only. 

With the aid of (27) and (31), eqn. (29) can be transformed into 

»* _L I Z ' 


, /”* + *V.Y ze r N ( 1 , i\ 
+ V 3 / Ui 


(32) 




While Born's well-known equation for rigid ions is 

V(; 

The first term in (32) is the contribution of the ultra-violet and the 
second of the infra-red polarisation. This second term contains two fac¬ 
tors not present in Born’s equations ; both take account of the electronic 
contribution to infra-red polarisation. 5 represents the short-range 
interaction of electronic and atomic displacements, while the factor 

/ fi * -i- 2 \ 2 

I „ —_ j appears because the long-range interaction does not vanish 

for transverse waves. The necessity for correcting for the short-range 
interaction has been pointed out by Heckmann, 2 Eucken and Buchner, 5 
Mott and Littleton 10 and others. Lyddane, Sachs and Teller 8 took 
both long-range and short-range interaction together into account. The 
present formula (32) separates long-range and short-range effects and 
makes it possible to calculate the short-range factor 5. 

Since eqn. (30) is also valid for anisotropic crystals if the electron 
shells are rigid, eqn. (31) and (32) are valid for all crystal structures, 
5 still being the correction factor for the short-range interaction of atomic 
and electronic polarisations. In anisotropic crystals, however, s is not 
equal to unity even in an ideal heteropolar material, since the short-range 
dipolar interaction does not vanish in such crystal structures even if 
there is no overlap. In non-cubic crystals the quantities connected by 
eqn. (30), (31) and (32), of course, all refer to the same principal direction. 

For triatomic crystals with two equal atoms, such as CaF* or TiO t , 
Born’s result is, for rigid electron shells 

(30a) 


= zeV i/>», + 1/2 m. 


where m x is the mass and z the charge of the ion with the higher valency. 
Instead of (32) we then have 

, , + J-) . . ( 3 „) 

\ 3 / \ m \ 2W a / v 7 

/W a 4 - 2\ 2 

where ^~—j and s 2 again stand for the electronic contributions to 
the infra-red polarisation. 


VI. Short-range Interaction and Polarity 

All quantities in eqn. (32) and (32a) can be determined experimentally 
except s. Table I contains data for those materials for which the experi¬ 
mental data are available. All these materials are cubic, with the ex¬ 
ception of rutile. Values for e and n 2 are taken from Mott and Gurney 1 

10 Mott and Littleton, Trans. Faraday Soc. 1938, 34, 485, 

6 * 
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and from Landolt-Bornstein. A tJ the vacuum wave-length for transverse 
vibrations, is taken from absorption measurements by Barnes 11 for alkali 
halides and T 1 C 1 and from Parodi 12 for the other substances. There is 
some doubt about rutile. This material, being tetragonal, should have 
two absorption maxima corresponding to polarisation along the two kinds 
of axes. The absorption spectrum has been measured by Parodi who 
finds three maxima, at 30*5, 41 and 50^, one of which must be secondary. 
From the data given by that author it is not possible to decide which two 
of these three are the main maxima ; \ for polarisation perpendicular to 
the long axis is therefore either 30-5 or 41 /i, and parallel to the main axis 
either 41 or 50The calculations have been carried out for these various 
possibilities. 

The last column in Table I contains values for the short-range factor s, 
calculated from eqn. (32) and (32 a). The experimental data for alkali 
halides seem well established and one may expect, therefore, that the s 
values calculated for these substances arc accurate within a few per cent., 
although the figures for some of the other materials may be less reliable. 

For an ideal hetcropolar material 5 ought to be unity and it is there¬ 
for rather surprising to find that alkali halides have s values round about 
o* 8 . On the other hand, for materials like CuCl, CuBr and T 1 C 1 , whose 
chemical and physical properties indicate that their polarity is weaker 
than that of alkali halides, s is about unity or even larger. This shows 
that and 5 do not necessarily decrease with decreasing polarity. 

The reason is probably as follows. 

The conclusion that 5 should be unity rests on the following two 
assumptions usually made in connection with an ideal heteropolar lattice— 

(1) That the charge on each ion is ze and that in each ion the centre 
of the electronic charges coincides with the nucleus ; 

(2) that the change in electrostatic interaction due to the displacement 
of the ions can be described by the effect of point dipoles located at the 
lattice points. From this it follows that the Lorentz theorem holds, i.e. 
if in a crystal of spherical shape and of cubic lattice structure all negative 
ions are displaced with respect to the positive ions, then there is no force 
tending to polarise the electrons and consequently the centres of positive 
and negative charges in each ion still coincide after the displacement. 

According to current views the first assumption is correct in the case 
of alkali halides, and a departure of 5 from unity therefore seems to in¬ 
dicate that in these materials the second assumption is at fault. The 
reason for this may be either that the charge distribution around the 
ions is not spherical, or that the ions overlap to some extent, or that the 
non-electrostatic short-range forces tend to distort the ions when they 
are displaced relative to each other. For most other ionic crystals, prob¬ 
ably neither of the two assumptions is exactly true. 

One might expect to find a particularly large difference between 5 
and unity if the ions penetrate considerably into each other 1 or if the 
bond has partial homopolar character and its polarity changes rapidly 
with the distance between the atoms . 3 The effects on 5 of these various 
departures from ideal heteropolar behaviour may however have different 
signs and this is probably the reason why 5 is not a measure of the polarity 
of the crystal. For instance, the fact that s in CuBr is much nearer to 
unity than in alkali halides is presumably due to the circumstance that 
in CuBr various effects of opposite sign counterbalance each other. 

In conclusion, I wish to thank Prof. H. Frohlich for many very helpful 
discussions on this subject, and the British Electrical and Allied In¬ 
dustries Research Association for permission to publish this paper. 

Dept . of Theoretical Physics, 

University of Liverpool . 

11 Barnes, Z. Physik , 1932, 75, 723. 

11 Parodi, Compt. rend . fx ^, 204, 1636 ; 205, 906 and 1224 ; 1939, 206, 1717. 



THE INFLUENCE OF THE SOLVENT ON THE 
KINETICS OF REACTIONS BETWEEN 
IONS AND POLAR MOLECULES 


By E. A. Moelwyn-Hughes 
Received 12 th July , 1948 

The kinetics of the reactions of certain methyl halides with halogen ions have 
been investigated in acetone solution. A comparison of the results with those 
previously found for the same reactions in hydroxylic media indicates that the 
influence of the solvent on the rates of reactions between ions and polar mole¬ 
cules is principally, and almost entirely, to effect a change in the energy of 
activation. 


The solvent influences the velocity of chemical change in a variety of 
ways, which, though not fully understood, seem to depend on the nature 
(polar, ionic, non-polar, etc.) of the reactants. In an attempt to find 
how the solvent affects the velocity of reactions between ions and polar 
molecules, the following substitutions 

CH 3 Br 4- I-TZtCH 3 I + Br~ 

were kinetically investigated in aqueous 1 and in methyl alcoholic 2 solutions. 
Changing the solvent from water to methyl alcohol merely resulted in an 
increase of about 50 % in the velocity coefficients. The change in energy 
of activation was not detectable for the forward reaction, and amounted 
to only a few hundred calories per gram-molecule for the reverse process. 
These are surprisingly small effects. The present work extends the in¬ 
vestigation of the same two reactions to acetone as a solvent. It is now 
found that the velocity constants are increased by factors of the order 
of magnitude of one thousand. Moreover, the collision term A in the 
equation, 

k = Ac~ e a rt .(1) 

remains sensibly unchanged, so that the alteration in rate as we pass from 
one solvent to another is to be ascribed almost entirely to a change in 
the apparent energy of activation E A . 

Formulation of the Chemical Kinetics 

The kinetics of these reactions in acetone solution are not quite the 
same as in the hydroxylic media because interaction with the solvent 
does not now occur, and because KBr is precipitated from solution in the 
early stages of the interaction of CH 3 Br and KI. Employing the same 
notation as in previous papers, and denoting the solubility of KBr by s, 
we have the following scheme— 

CH a Br 4 + 1 “ CH S I + Br- 

(a - x) (b - x) (x) (s) 

Integration of the differential equation 

— = k,(a - x)(b - x) - k t sx . . . (2) 

1 Trans. Chem . Soc., 1938, 779. 3 Trans. Faraday Soc., 1939, 35, 368. 
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gives the following expressions for the velocity coefficient 



I 1 In r a ~ ~ ^*1 

** “ 20 M U- (« + «*J* 

• (3) 

and for the fractional change 



(x/a) — [a + 0 cotli (ft s / 3 &/)]-*, 

• (4) 

where 

■-;(*+*+£-:) • ■ • 

• (5) 

and 

/? 2 a 2 __ (ajb). 

• (6) 

It is clear from eqn. 
by the equation 

(4) that, as t becomes infinite, the value of x is 

given 


v • • 

• ( 7 ) 

Expressing the four concentrations corresponding to infinite time in terms 
of #oo, it follows that 


SX 00 k 2 

(a — #00) {p x oo) ’^4 

• (8) 


in accordance with a zero rate of reaction (eqn. (2)). 

In problems of this kind, the work is simplified by a determination 
of the static values, s and (k 2i / k l ), prior to the kinetic values k 2 and k x 
in which we are chiefly interested. 

Experimental and Results 

The methyl bromide used was drawn from the same cylinder as that used in 
earlier work. 3 Kahlbaum's acetonum pro analyst was distilled in small batches 
over anhydrous sodium sulphate in an all-glass apparatus, collecting samples 
boiling in the range 56*4 to 56 *(j° C. A large volume was prepared and stored 
in a 12-litre Pyrex vessel fitted with a delivery tube and a phosphorus pentoxide 
vent. Solutions of CH,Br in this solvent were prepared as required in the bubbling 
apparatus previously described, and at a total pressure of 525 mm. Hg. Solu¬ 
tions of K 1 in acetone were made by weight in 1-litre ground-stoppered Krlen- 
meyer flasks, fitted with delivery tubes. The concentrations of the reactant 
solutions could be determined, by repetition, to within di o*i millimole per litre. 
Not so high an accuracy is claimed for estimations relating to single samples of 
solutions expressed during the course of the runs. The concentration of inorganic 
halide (Br- and I~) was measured by Volhard's method, and that of the total 
halide (Br-\ I-, CH 3 Br and CH a I) by the same method after overnight digestion 
with excess potash at ioo° C. The concentration of inorganic iodide was deter¬ 
mined by titration with standard potassium iodatc solution, 

10 3 - f- 611 ^ -j- 3CI- -f 2I-—> 3H a O + 3ICI, 

m the presence of cold chloroform and strong HC 1 . Blank experiments showed 
this method of analysis to be reliable in the presence of acetone, CH 3 Br and KBr. 
The solubility limit of KBr is reached in the early stages of the experiments, 
and thereafter the salt is quantitatively precipitated. This fact makes it possible 
to follow the course of the reaction by titrating filtered samples with either 
KlO a or AgNC) 3 . The latter method of analysis is the quicker, and was there¬ 
fore chiefly employed. The results obtained, using a filter plug of mixed glass 
and cotton wools, were consistent. 

Equilibrium Analyses. —Equilibrium analyses of the final solutions can 
be carried out at temperatures too high to allow of accurate kinetic measurements. 
Some representative results are shown in Table I. The calculated values are 
those given by eqn. (8). 

Solubilities and Equilibrium Constants. —Excess of dry, finely powdered 
KBr and KI were sealed off in contact with dry acetone in vessels which were 
fixed to a platform rotating in the thermostat at 200 rev./min. After not less 
than a day, the solubilities were determined volumetrically for filtered samples 

4 Proc. Roy. Soc . A, 1938, 164, 295. 
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TABLE I.—Equilibrium Concentrations (Millimoles/litre) 


[CH s Br] 0 — a 

[l-lo = * 

[CHjBJTJqq : 

oo)* 

Pico - 


Obs. 

| Calc. j 

Obs. 

| Calc. 


(T 

— 273-13° K, 

skjk t = 1-36) 


14-4 

14-4 

3‘5 

3-8 

2-9 ! 

3-8 

28-7 

28*7 

3 3 

5 ’b 

5*5 

5*6 

33-6 

33 <> 

b ‘3 

6-2 

b *3 

6-2 

42*7 

14-4 

29-4 

29-0 

1-2 

0-7 

447 

14-4 

30-9 

30*9 

o-6 

o-6 

57*4 

57*5 

8-8 

8-2 

7*3 

8*3 


(T 

== 3077 80 K , 

skjk 2 1-56) 


6-6 

6-2 

2-4 

2 7 

2-0 

2*3 

13-2 

12-3 

4*3 

4-2 

3*4 

3*3 

19*8 

1 8 *5 

5 'h 

3*4 

4*3 

4 *i 

26*4 

24*6 

6-7 

6-b 

4*9 

4*8 

330 ! 

30-8 

8-2 

7*5 

6*0 

5*3 


(T 

-- 328-10° K, 

sk i /'k 2 = 1-69) 


6-6 

1 b -3 

| 2 *5 

2-7 

2*2 

2-4 

13-1 

12-7 

4 * 1 

4*1 

3-6 

3*6 

19-8 

19-0 

3*4 

5*4 

4-6 

4-6 

20*4 

2 . 5-4 

6-7 

6-3 

5*7 

5*3 

33 '° 

317 

7*3 

7*3 

6-2 

6 -o 


or gravimelrirally after removal of solvent. The solubilities of both salts 
increase with the wetness of the solvent. The results for the purest and driest 

TABLE Jl.— The Solubilities (in Millimoles/Litre) 
of K 1 and KBr in Acetone 


T°K 

KI 

Obs. 

KBr 

Obs. 

Calc. 

27307 

__ 

1*53 

1*53 

287-89 

185 1 

1*39 

i- 3 8 

291-01 

180 

— 

— 

298-08 

164 

— 

— 

302-97 


1-20 

1-26 

307*75 

M2 

-- 

— 

3 i 7 * 4 i 


I-16 

i * J 7 

328-10 

105 

I -io 

I-IO 


solvent used are summarised in Table II. The calculated values for KBr are 
those given by the equation— 

s (millimoles/litre) — 0-219 e +1055 ^ Kr - • . (9) 

The heat evolved on the dissolution of KI at 298-1° K is 2500 cal., but the heat 
effect at higher temperatures is greater, and an equation of the form of eqn. 
(9) is consequently not applicable. There appear to be no previously determined 
reliable values for the solubility of KBr in acetone. The present data for KI 
are in reasonable agreement with some of the published values 4 but are lower 
than those given by Walden. 6 The present results may therefore indicate an 
incomplete dryness of the solvent. An inspection of Walden's data, however, 
shows that he obtained higher ‘ solubilities ’ for samples shaken for a long time. 

4 Coney and Hahn, A Dictionary of Chemical Solubilities (Macmillan, 1921). 

6 Walden, Z. physik. Chcm., 1906, 55, 715. 
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It is thus possible that his values were too low. Fortunately, the solubility of 
this salt is not needed for the present investigation. By combining the data 
of Tables I and II, we obtain the following expression (see Table III) for the 
dependence on temperature of the ratio of the two velocity coefficients : 

k t /k A = 4‘° 6 x I0 "* e+ 181 °J RT . . . . (io) 

TABLE III.— Ratios of the Bimolecular Constants 


T° K 

ski! h 

s 

ktlhi 

Obs. 

Calc. 

273'i8 

1-36 

i*53 

1-136 

I-I45 

288-15 

1-44 

i-3« 

0-956 

0-963 

307-78 

1*56 

1-23 

0-783 

0-783 

328-IO 

i-6y 

i-10 

0-652 

0-652 


Velocity Constants. —Water has a retarding effect on the rate of reaction, 
and not until precautions had been taken to ensure its absence, or at least its 
presence in a constant proportion, could reproducible results be obtained. The 
data of the preceding sections allow an evaluation of the functions a and for 
solutions of any composition at any temperature. The most direct way of deter¬ 
mining the velocity coefficient is by plotting the logarithmic term in eqn. (3) 
as a function of time. This method has the advantage of affording a check—very 


TABLE IV. —Velocity Constants at 273-13° K (A' = 1-136) 


(«+/»> 

<«-« 

t 

(rain.) 

a — x 

(milhmoles/litre) 

k g x 10 2 

(litres (mole sec.)- 1 ) 

1-241 

0-807 

O 

28-7 

_ 



4 

23-9 

2-93 



7 

21*9 

2-60 (?) 



12 

18-0 

2-93 



18 

15-6 

2-79 



24 

I3‘4 

2-90 



34 

11*2 

2-89 



50 

9'2 

2-82 



00 

5*6 

— 




Average 2-88 ± 0-09 


°*757 

0 

14*37 

1 - 



5‘5 

12-11 

3-98 



11 

10-62 

3*79 



21 

8-49 

3*99 



32 

7-3° 

376 



43*5 

6-21 

3*9i 



00 

3-84 

— 


Average 3-88 ± 0-12 


necessary' in rapid reactions—on any error in the starting time. Alternately, 
may be calculated, as shown in Table IV, for each analytical datum. With 
equimolar reactants, to which the figures refer, the velocity constant is repro- 
ducible to within rt 3 % of the mean value. The ability of eqn. (4) to reproduce 
the fractional change as a function of time is shown in Table V, the data in which 
also refer to equimolar reactants. Values of the hyperbolic co-tangent were 
taken from Milne-Thomson and Crombie’s Standard Four-Figure Mathematical 
Tables (Macmillan, 1931). 
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TABLE V. —The Applicability of Eqn. (4) 


(T = 273*13° K * a = i-oii 8. p = 0-1517 
k % — 2-15 X io~ 8 litres (mole sec.)” 1 ) 


t (min.) 

100 (x[a) 

Obs. 

Calc. 

0 

0 

O 

7 

33-6 

33*9 

13 

48-9 

48-6 

20 

59*1 

5 8 *9 

28 

66-4 

66-3 

35 

71S 

70-6 

44 

74'6 

74*5 

00 

85-7 

85-9 


The Effects of Concentration and Temperature. —Varying the concen¬ 
tration of CH 3 Br has no detectable effect on the velocity of reaction. Increasing 
the concentration of KI, however, causes a considerable decrease in rate, which 
can be understood in two ways. 

(1) According to an elementary theory of reactions between ions and polar 
molecules 6 the logarithm of the velocity coefficient may be expected to vary 
linearly with respect to the ionic concentration, j (g.-ions/litre) : 

(d In k 2 \ __ 7rNc^ B /i A cos 0 X 

V = “125 (Diay~ .... (n) 

Here N is the Avogadro number, e the electronic charge, k the Boltzmann 
constant, z K the valency of the ion, and 0 the angle which it subtends with respect 
to the positive end of the dipole of moment /x A . The maximum value of the 
theoretical gradient at 298 -i°K (0 — o ; p K = i*86 X io~ 18 D) becomes — 1-90 
if we accept the value of the dielectric constant (D — 34-o) for the continuous 
medium. The experimental gradient is greater by a factor of about 5. Aliy 
reasonable adjustment in D brings experiment and theory closer together. 

(2) The magnitude of the gradient and its change with respect to concentra¬ 
tion suggest, as a more likely explanation, that the salt is not completely ionised 
at the dilutions used. As no definite increase in k 2 could be detected during a 
given run, despite the continuous decrease in ionic strength, it may be doubted 
whether the true salt effect is as high as it would appear to be according to the 
present experiments. The influence on the rate of dilution in comparable re¬ 
actions which have been examined with greater precision in ethyl alcoholic 
solution 7 can be fully explained as due to the increasing ionisation of the salt. 

The value of k 2 extrapolated to infinite dilution at 273*2i°K is 6 x io- 2 litres 
(mole sec.)” 1 . 

The technique adopted here does not allow of an extensive study of the 
♦.emperature effect. To cope with these relatively fast reactions, methods other 
than the analytical one were tried. They included a dilatometric method, and 
the use of a differential tensimeter, with pure acetone as manometer liquid. 
Both methods involved too long a delay at the start of the reactions, and had to 
be abandoned. The results are summarised in Table VI, the last column of 
which gives velocity coefficients for the forward reaction according to the 
equation 

k 2 ~ 1-15 x io 10 e“ 14,84 °/® r .... (12) 

Combining with eqn. (10), we obtain for the reverse reaction : 

k A = 2*83 X io 11 e“ 10,16 °/ ,lr .... (13) 

The errors in the energies of activation have been estimated as ± 1200 and 
i 1500 cal. respectively. 

6 The Kinetics of Reaction in Solution, 2nd Ed. (Oxford, 1947), p. 132. 

7 Hardwick, Trans. Chew. Soc., 1935, 141 ; Mitchell, ibid., 1937, 1792 
Woolf, ibid., 1937, 1172. 
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TABLE VI 

The Influence of Salt Concentration and Temperature on k % 


T° K 

j(g.-moles /litre) 

k t x io* (litres/(mole sec.)** 1 ) 

Obs. 

Calc. 

273 -I 3 

0-0560 

2*15 

— 

273' 1 3 

0-0272 

2-88 

— 

2 73* J 3 

0-0128 

3-88 

3-90 

283-94 

0-0128 

io-6 

10-5 

290-05 

0-0127 

19-5 

19*5 


Discussion 

The data summarised in Table VII indicate clearly that, as far as these 
two reactions in three solvents are concerned, the effect of the medium 
is almost exclusively an effect on the activation energy. Thus, for ex¬ 
ample, the velocity of reaction between KBr and CH 3 I is increased about 
5000 times on passing from methyl alcohol to acetone. If the collision 
frequency were the same in the two media, we would expect a difference 
of 5000 cal. in the energies of activation. The observed difference is 
5250 ± 2500 cal. Comparable information on other reactions of the type 

TABLE VII. —The Influence of Solvents on the Kinetics of Reactions 
between Ions and Polar Molecules 


Reaction 

Solvent 

k at 298*1 K 
(litrcs/(molc 
sec.) -1 ) 

A 

(litres/(mole 
sec.)- 1 ) 

E 

(cal./mole) 

CII,Br + I--.CH a I + Br- 

CHgOH 

9-42 x 10- 4 

2-26 X IO 10 

18,250 ± 250 


H „0 

6-84 X I0“* 

1-68 x io I# 

18,260 ± 130 


(CH 3 ) s CO 

3*55 Xio- 1 

1-15 x io 10 

14,340^1200 

CH,I+Br->CH,Br+I- 

CWjOH 

7-98 X IO" 5 

3-91 X IO 11 

21,400^400 


H a 0 

4-61 X IO- 5 

1-08 x io 10 

19,620 £440 


(CII,) 2 CO 

4-09 X 10 - 1 

2*83 X io 11 

16,150 ±1500 


C,H 1 (OH) 8 

i*o6x 10- 10 

3-50 x io 10 

28,000 (?) 

3 : 5 (N 0 2 )jC,H 3 Cl+ClI, 0 _ -> 

CH s OH 

2*50 X I0“ a 

4*27 X IO 10 

16,680 ±1050 


under consideration seems to be lacking, but an interesting comparison, 
illustrating the same point, is provided by the kinetic constants found 
for the reactions of 3 : 5-dinitrochlorobenzene with the iodide ion in 
ethylene glycol solution 8 and with the methoxyl ion in methyl alcoholic 
solution. 8 Reactions of the methyl halides in ethylene glycol solution 
are now consequently being investigated. 


Department of Physical Chemistry , 

The University, 

Cambridge. 

8 Bennett and (Miss) Vernon, Trans. Chem. Soc. f 1938, 1783. 
8 Talen, Thesis (Leiden, 1927) ; see Tables Annuelles. 



THE ELECTRONIC STRUCTURE OF THIOPHENE 
AND RELATED MOLECULES 


By H. C. Longuet-Higgins 
Received gth August, 1948 

The idea of pd hybridisation in thiophene explains the general similarity 
between thiophenes and their benzene analogues, and when followed up leads 
to correct conclusions as to the small chemical differences between the two classes 
of compound. 


It is well known that there is a very close similarity in physical and 
chemical properties between aromatic hydrocarbons containing the group 
—CH — CH— and the corresponding sulphur compounds in which this 
group is replaced by formally bivalent sulphur --S—. This similarity 
extends to those properties which are usually believed to depend on the 
mobile electrons, such as the near ultra-violet absorption spectrum, 1 
the first ionisation potential, 2 the resonance energy 3 and the behaviour 
in substitution reactions, all of which properties may be considered under 
the convenient heading of “ aromatic character". On the other hand, 
furan and pyrrole, although somewhat aromatic in character, are much 
less so than thiophene ; and similar relations hold between the higher 
analogues of these molecules. 

It is the purpose of this note to suggest why there should be this close 
resemblance between thiophene derivatives and benzene derivatives, 
and why this resemblance should not extend so markedly to derivatives 
of furan and pyrrole. 


Nature of Atomic Orbitals 

One fundamental difference between sulphur on the one hand and 
nitrogen or oxygen on the other is that, whereas oxygen and nitrogen 
have only 5 and p atomic orbitals available for bonding, sulphur has also 
five d orbitals in its valence shell. The possibility that some of these 3 d 
orbitals may be used for bonding in thiophene has been discussed before, 
notably by Schomaker and Pauling, 4 who adopted a valence-bond 
approach to the problem. From a consideration of bond lengths, reson¬ 
ance energies and dipole moments these authors concluded that all the 
following types of structure were important in thiophene— 


HC-CH 

/ \ 

hc n&/ ch 

(i) 


HC—CH 


HC=CH 
HC,. ^H 


(II) 


IIC—CH HC=CH 

/ \ , / \4 

HC. _ ,CH HC. ... ,CH 

\s- / V' 

(III) 


HC=CH 

•' \ 


HC. 


(IV) 


✓CH 


The relative weights assigned to the different types of structure were : 
type I, 70 % ; type II, 20 % ; types III and IV, 10 %. Of these struc¬ 
tures those of types III and IV must involve the sulphur d orbitals, be¬ 
cause in such structures the sulphur atom has a decet of electrons in its 


1 Milazzo, quoted by Walsh, Quart. Rev., 1948, 2, 85. 

3 Price, Chem. Rev., 1947, 41, 257. 

3 Wheland, The Theory of Resonance (Wiley, New York, 1944). 

4 Schomaker and Pauling, J. Amer. Chem, Soc., 1939, 61, 1779. 
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valence shell. Schomaker and Pauling introduced the decet structures 
to reconcile the relatively low resonance moment of thiophene with its 
high aromatic character, as indicated by the resonance energy and C—S 
bond length. Their arguments are qualitatively convincing, but give no 
means of assessing the weights of different structures in more complicated 
analogues of thiophene when bond lengths and dipole moments are not 
available; this is a general weakness of the valence-bond method, that 
it is not easily extended to the quantitative investigation of large molecules. 

The method of molecular orbitals, on the other hand, is particularly 
suitable for the investigation of large molecules, because it provides a 
definite and manageable technique for determining electronic structures, 
once the values of certain parameters have been fixed. We shall there¬ 
fore use this method in the present paper. It turns out that, if the par¬ 
ticipation of the sulphur 3 d orbitals is taken into account, then the atomic 
and molecular orbitals of the ^-electrons in a thiophene derivative cor¬ 
respond closely with those of the analogous benzene derivative. (Such 
a correspondence is not possible in pyrrole and furan derivatives, because 
the available atomic orbitals are always one fewer than in the benzene 
analogue.) 

To establish this correspondence, let us consider a molecule containing 
the group ^CH—S—CH<^. It is convenient to define co-ordinates in 

the molecule, with the S atom as origin. The x and y axes then bisect 
the C—S—C angle externally and internally respectively, and the z axis 
is perpendicular to the molecular plane. Denote the 'Zp K atomic orbitals 
of the C atoms by </> a and 4 > b . Then on the S atom there are three atomic 




Fm. 1. Fig. 2. 

orbitals which can conjugate with <f> a and <j> b) namely 3 p x , 3 d y% and 3 d xt , 
whicli have nodal planes corresponding to their suffixes, and which we 
shall denote by <f) n <f> d> and 4 > e respectively. 6 For completeness let us denote 
the other atomic orbitals of the system collectively by <f> r . The geometrical 
disposition of the various atomic orbitals under discussion is illustrated 
in Fig. 1, where the molecular plane is understood to be a plane of anti¬ 
symmetry. 

Then by symmetry 

Sac = S bc , S ai = S b<i , and S atl ~ — S be , 
where S oc (— J<£„«£ ( dr) is the overlap integral[between <f> a <md </> e , and so on. 

6 Pauling, Mature of the Chemical Bond (Cornell Univ. Press, Ithaca, New 
York, 1939). 
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Hybridisation of p and d Orbitals 

We now proceed to define hybrid atomic orbitals fa, fa, as follows— 
<frf\ _ SacSadc 4" SadSgetd =k ('S'oc + 

4 >J ” {(SI + susi 4- SI + s*.)}* 

1 Sgt<l> e S ac <l>d 

* K (Sic+Si^k • 

Their approximate form is shown in Fig. 2. The significance of fa, </> g 
and fa is that they are the only linear combinations of fa, fa and fa satisfy¬ 
ing the following conditions— 

Sff = S gg = Shh = 1 , 

Sfh = o =5 

5 a ^ = o — 

S ag == o = Sf,f, 

S a / — 5 6(7 . 

These last relations follow quite simply from the fact that fa, and fa 
are orthogonal and normalised. It should be noted, however, that 
^ and although both orthogonal to <f> h , are not orthogonal to one 
another. 

The Secular Equations 

Since <j> f , <f > 0 and <fr h are linearly independent, we may use them in setting 
up the secular equations for the molecular rr-orbitals. As is well known,* 
these equations give the coefficients Cj and the energy E for a molecular 

orbital expressed in the form ^ There is one equation for each atomic 

orbital, that for <f >, being i 

c,(H u - E) - S U E) = o, 

where H (j stands for the resonance integral between 4 >, and fa. 

Mulliken 6 7 has made computations of the resonance and overlap 
integrals for pairs of atomic orbitals in a few simple molecules, and has 
shown that over quite a range of interatomic distances the relationship 

holds approximately, where jF is a constant with the dimensions of energy. 
On the rather bold assumption that this relationship holds quite generally, 
the secular equations corresponding to <j> a , <j> f and fa may be written thus— 


H.„ 

- E 

' F - 

- E 

H„ 

- E 

’ F ■ 

- E 

H hh 

- E 

i F - 

- E f 


•f 2 C *^a 


+ o g S fg « O, 


with similar equations for fa and <f> g . The last equation shows that <f> h 
is itself a molecular orbital ; this must be so, as it does not interact with 
any of the other fas. 

Now let us write down the secular equations for the benzene analogue 
of the thiophene derivative. Denote by fa a , fa b , fa r the atomic orbitals 
corresponding to fa, <f> n and by fa f , fa g the zp % orbitals of the two carbon 
atoms which replace the sulphur atom (see Fig. 3). Then the secular 
equations corresponding to fa, and fa f are— 

J£ f J?r 

c a~~p ~jp + 2L tfSar 4" G^a/ “ ° 

££ £/ 

G p _ j£/ 4~ c aSfa 4~ c gSfg = O, 

6 Coulson and Longuet-Higgins, Proc. Roy . Soc. A, 1947, 191, 39. 

7 Mulliken, Report of Conference on the Chemical Bond (Paris, 1947), (in press). 
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with similar equations for £ and (The primes are intended as a 
reminder that we are now discussing the benzene analogue.) These 
equations arc formally identical with those for the thiophene derivative, 
except that there is no equation analogous to that involving c h . Further, 

all the other secular equations 
are identical in the two mole¬ 
cules, since they are associated 
with atomic orbitals <t> r or <f>' r 
which arc remote from the seat 
of difference. Now the molecular 
orbital <f> h is almost certainly of 
too great energy to be occupied 
in the ground state, and is there¬ 
fore mainly 3 d in character ; for 
were it occupied there would be 
only four aromatic electrons left 
in the thiophene ring, which 
seems very unlikely on chemical 
grounds. So if we can find in¬ 
dependent evidence that S aft S fg 
and H ff are nearly the same as 
S' af , S' fg and H' f/ , this will imply a 
Fig. 3. close correspondence in energy 

and form between the molecular 
orbitals of the thiophene derivative and its benzene analogue, and hence 
between their electronic structures, at least in the ground state. 

Ionisation Potentials.— Fortunately, such evidence is available from 
various sources. The first piece of evidence comes from a comparison 
of the first ionisation potentials of hydrogen sulphide and ethylene. 2 
It is almost certain that in both these molecules the first ionisation is 
removal of a 77-electron having as nodal plane the plane of the molecule. 
This means that in ethylene, whose p atomic orbitals are closely similar 
to <j>' f and <!>„, the first ionisation potential will be given by the expression 

(H'„ + ir f 0 )/(S'„ + S' fg ) = (H-„ + Fs; f )/( I + s; f ), 

which is the energy of the orbital (<f>' f f </>'). 

Now in hydrogen sulphide the most easily ionised 7r-electron moves 
in an orbital similar to <£ P , so the first ionisation potential of H 2 S will be 
equal to II rc . But we can express H rc in terms of // ff , etc., in the following 
manner. As suggested above, <f> h is mainly 3 d in character, which implies 
that S ad /S at is small. Therefore <j> d makes only a small contribution to 
j> f and <£„, and so </> f 4- <f > 0 will be nearly equal to <f> c , apart from a normal¬ 
isation factor. It follows that H cc is given by the expression— 

(H f f -I- Hf 9 )/(S„ + S fg ) = (II ff 4- FS f0 )/( 1 + Sfg). 

It will be apparent that if H ff — H' /f and S fg — S' /v , the ionisation poten¬ 
tials of ethylene and H 2 S will be nearly equal ; in fact they are 10*50 and 
10*47 volts respectively. This close coincidence does not, of course, 
prove that H ff and S, a are equal to H' ff and S' fg —more extensive investiga¬ 
tion may reveal a cancellation of errors—but it is at least consistent with 
that hypothesis. 

Resonance Energies.—The second line of evidence is from resonance 
energies. Values of 29 and 31 kcal./mole have been given for the reson¬ 
ance energy of thiophene, 3 * 4 and that of benzene is close to 40 keal., 
this figure being if anything too large. 8 The difference between these 
figures can be used to give an idea of the difference between Il af and S af 
on the one hand and H' af and S' (lf on the other, assuming, as above, that 
Hff — H f f, S fu =■ S fg . 

If the overlap between adjacent atomic orbitals is formally neglected, 
the binding energies of the molecular orbitals in a hydrocarbon take the 
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form kjfi, where h, are numbers and ft is the carbon-carbon resonance in¬ 
tegral. If overlap is not neglected, the total binding energy of the mobile 

electrons takes the form £ ; G/(i + kjS), where S is the overlap integral 
j 

for a CC bond, G is a constant, and the summation is taken over the occupied 
molecular orbitals. 8 Now for benzene the values of k s are 2, i, i, and for 
ethylene just i. So in these molecules the binding energies of the mobile 
electrons are respectively 

g(—— ? + —L-j; + —-L-J-A and cf-i-A 
^1 -f- 2 S I -f- S I “I" ■SJ 

Similarly, in thiophene if it is assumed that H ff , H Ja and S fff have the 
same values as the corresponding integrals in benzene, and that 
S af /S' af = H af IH' af — x, then the unsaturation energy of thiophene is given 
by the expression 

r f jh _, k 3 ) 

U + hs + i + A,S + i +A s S/’ 

where A,/S, are the three lowest roots of the secular equations when 

overlap is formally neglected and the resonance integral between <f> a and </> f 
(and that between and <£„) is assigned the value xfi. Actually, the 
values of k lt k 2 , are— 

K = J(I + V7+ 4**). 
k t — I, 

= 2(~ 1 + ^5 T 4^ 2 )* 

The quantity x is what we are interested in at the moment. Its 
value can be determined from resonance energies once G and S are known. 
Now 5 is known 8 to be close to J. So in terms of G the resonance energy 
of benzene is 


G uTi:v 


■) _ 8G 


— 40 kcal./mole, whence G — 75 keal.; 


1 + s) 15 

and since k 2 = 1, the resonance energy of thiophene is given by the 
expression 

G f ^3 2 


c + 


—| = 30 keal. 


U + k t S 1 -l- k 3 S 1 + 

But G and S arc known, and k 1 and k 3 are functions of a; alone. The last 
equation can therefore be solved for x yielding the value at = o-8. (A 
lower value for the resonance energy of benzene would imply a value of 
x closer to unity.) 

The above discussion may be summarised as follows. By taking into 
account the participation of the sulphur 3 d orbitals in the ^-conjugation 
of a thiophene derivative we obtain a set of secular equations identical 
with those for the corresponding benzene derivative, except that (i) in 
the case of the thiophene derivative the secular equations have an extra 
solution corresponding to a localised non-bonding molecular orbital on 
the sulphur atom, this orbital probably having too high an energy to be 
occupied in the ground state, and (ii) the integrals H af and S af (and also 
H bg and S &( ,), which determine the conjugation with the sulphur atom, 
are about 20 % lower than the corresponding integrals in benzene. This 
means that it is possible to elucidate the electronic structure of any thio¬ 
phene derivative from that of the benzene analogue by applying first- 
order perturbation theory to the latter. 

Bond Orders in Thiophene.—As an example of the procedure just 
mentioned, we shall calculate the bond orders and bond lengths in 
thiophene. It is known • that if the resonance integral of a bond in benzene 
is multiplied by (1 -f- y), where y is small, the order of the bond itself is 


8 Wheland, J, Amer. Chem . Soc 1941, 63, 2025. 

* Coulson and Longuet-Higgins, Proc. Roy. Soc. A, 1948, 193, 450. 
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increased by i3*v/54* and tlie orders of the o-, tn- and bonds arc increased 
by — i xy,'54, + 7V/54 and — 5>'/54 respectively. Now in view of the 
analogy just established, the orders of the bonds in thiophene are the 
same as those we should find in benzene if we could somehow distort 
the molecule so as to reduce the resonance integrals of bonds i—2 and 5—6 
by one-fifth. Since the mobile orders of the CC bonds in benzene are 2/3, 
it follows that in the distorted molecule they would be as follows— 

P12 ^ °'59 ^ P 66 > P 23 =■= 073 = pM, p 34 = o* 6 i 
(p ie has no analogy in thiophene). From curves of bond order against 
bond length it follows that in thiophene the bond orders and lengths 
should be 


TIC—CH 4 

c 2 -s 

c 2 -c 3 

C,-C 4 

— 

/ \ 

, ch s 

0*59 

073 

o-6i 

Mobile order 

1-68 -p 0*02 

1-38 

1-40 

Length in A 


The uncertainty in the C—S bond length arises from the uncertainty 
as to what values should be taken for the normal lengths of single and 
double bonds between carbon and sulphur. The calculated bond lengths 
may be compared with those given by Schomaker and Pauling on the 
basis of an electron-diffraction investigation, namely 

C 2 —S c 2 —c 3 c 3 —c 4 

1-74 ± -03 (1-35) (1-44) A. 

The parentheses indicate that the C.—C bond lengths were assumed to 
have the values given in the determination of the C—S bond length ; 
so not too much weight is to be attached to the difference between the 
calculated and observed values. 

Dipole Moments.—It is of interest to enquire why thiophene has 
a dipole moment of only o-6D, whereas that of tetrahydrothiophene is 
1-5!). Schomaker and Pauling explained this difference by supposing 
that thiophene has a resonance moment of about iD arising from the 
unequal contribution of type II and type 111 structures (sec earlier) ; 
but this implies that the carbon atoms in thiophene should bear negative 
charges of the same order of magnitude as in fur an, which has an estimated 
resonance moment of 0-951), and that therefore thiophene should be about 
as reactive chemically as furan. 11 On the other hand, according to the 
present hypothesis that H ff = H' ff , it follows that the net charges at the 
carbon atoms in thiophene will be zero, as in benzene ; and this agrees 
with the fact that thiophene is much more similar chemically to benzene 
than to furan, but at first sight leaves unexplained the apparent resonance 
moment of thiophene. However, on closer inspection the difficulty 
disappears. Since the available atomic orbitals in thiophene are arranged 
in a hexagon, and all their coulomb integrals are equal, it follows from a 
general theorem that the mean number of 7r-electrons in each is unity. 10 
But this does not imply that the moment due to the 7r-electrons is zero, 
because the hybrid orbitals <j> f and <l> a are asymmetric. In fact, there 
will be in thiophene a " hybridisation moment ” due to the w-electrons 
which is not present in tetrahydrothiophene. Such a hybridisation 
moment cannot be present in furan, because the only atomic orbital on 
the oxygen atom which can take part in the conjugation is the 2 p % orbital, 
which is centred on the oxygen nucleus. It is difficult to assess the mag¬ 
nitude of the hybridisation moment in thiophene a priori, because the 
overlap integrals governing the form of p f and <f> g are not known ; but a 
value of iD is quite reasonable on the assumption that these orbitals 
are directed more or less along the S—C bonds. 

It therefore seems probable that the differences in dipole moment 
between furan and thiophene and their tetrahydroderivatives arise from 

10 Coulson and Rushbrooke, Proc. Camb. Phil . Soc., 1940, 36, 193. 
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essentially different causes ; that in furan it is a resonance moment which 
is responsible for the observed lowering of dipole moment, but that in 
thiophene the lowering is produced by hybridisation of the w-orbitals 
on the sulphur atom. 

Reactions.—As regards the chemical reactions of thiophene, two 
points may be made here. First, since two of the resonance integrals in 
thiophene are slightly less than the corresponding ones in benzene, the 
electronic structure of thiophene will be intermediate between that of 
benzene and that of butadiene, being closer to that of benzene. There¬ 
fore one can understand why thiophene is rather more susceptible to attack 
than benzene, and why such attack normally takes place at the 2- rather 
than at the 3-position. The second point concerns the effect of substitu¬ 
tion on the thiophene nucleus, which will be determined by the “ mutual 
polarisabilities ” of the various pairs of atoms. 11 Now in butadiene the 
mutual polarisability of positions 1 and 2 is much greater (— 0*402) than 
that of positions 2 and 3 ( — 0*045), so the same will be true to a lesser 
extent in the carbon skeleton of thiophene. This idea is borne out by 
the properties of 2 : 4-dimethyl-thiazole, in which the 2-methyl group 
is readily oxidised and condenses with ketonic reagents, whereas the 
4-methyl group is unreactive. 12 

The author is much indebted to Prof. C. A. Coulson for helpful 
criticism. 

Balliol College, 

Oxford. 

11 Coulson and Longuet-Higgins, Proc Roy. Soc. A , 1947, l 9 2 * l( >- 

12 Dr. W. A. Waters drew the author's attention to this point. 
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Evidence bearing upon the structures of the ethylene oxide and cyclo¬ 
propane molecules is discussed. It is shown that many of the salient properties 
of these molecules are not isolated facts but related and all connected with a 
particular valency condition of the C atoms involved. This valency or hybrid¬ 
isation condition is closer to that employed in olefines than in paraffins. The 
C valencies towards H, for example, are close to sp 2 in nature. The orbitals 
within the 3-membered ring formed by bringing together CH, groups as they 
exist in olefines are discussed : they appear to lead to a probability pattern 
that can partly be regarded as a generalisation of the pattern in the C —C bond 
of ethylene to an extra dimension. Certain advantages follow by very simple 
arguments from the discussion. For example the structures of the s/>iro-pentane 
molecule and the group \ / find a natural explanation ; and a partial 


y 

explanation is afforded of why the ozone molecule does not adopt the form of an 
equilateral triangle. 


The purpose of this paper is to consider the evidence bearing upon the 
problem of the structures of the molecules of ethylene oxide, cyclopropane 
and related substances. 
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Ethylene Oxide and its Derivatives. —Some of the general properties 
of ethylene oxide (polymerisation and addition reactions) may be called 
“ unsaturation properties " and have been held by Zimakov 1 to argue 
some resemblance of electronic structure to olefines. 

We have photographed the far ultra-violet absorption spectrum of 
propylene oxide 2 and have found it to show strong continuous absorption 
from about 1750 A. This compares with the onset of strong ultra-violet 
absorption by olefines at wavelengths slightly shorter than 1800 A 
(ethylene, 1745 A), by paraffins at much shorter wavelengths (ethane, 
~ 1350 A) and by simple ethers at rather longer wavelengths ( ^1950 A). 
One might argue, therefore, that ethylene oxide contains electrons bound 
with a degree of “ tightness ” more similar to that of the 1r electrons of 
olefines than to the electrons of normal C—C and C—O bonds. 

When the C=C group is joined by single bonds to other unsaturated 
groups, the longest wavelength absorption moves far to long wavelengths 
and increases considerably in intensity. In order to test further the analogy 
between ethylene oxide derivatives and olefines, it is therefore important 
to .study spectroscopically a molecule where the epoxy group is joined 
by a single bond to unsaturated groups. This has been done by Hcilbron, 
Johnson, Jones and Spinks. 3 They find that the long wavelength ab¬ 
sorption of the glycide ester (I) has A raax . — 2860 A and log e = 4*25 ; 


Me 2 



-C H—CH—CMe—OH—COOEt 

\/ 


Nx) 


o 


(i) 


that is, the absorption occurs at much longer wavelengths and has much 
higher intensity than that of, say, butadiene or ethyl acetate. The 
absorption approaches indeed the character of that of octatrienic acid 
(A max . — 3030 A, log c = 4'57, for hexane solution; A max . — 2960 A for 
alcohol solution). Evidently the epoxy group acts like a C=C link with 
slightly reduced conjugating power, continuing the conjugated chain 
from carbon atom (1) all the way to the COOEt group. Similarly, there 
is spectroscopic evidence 4 of conjugation occurring between a benzene 
nucleus and an olefine oxide ring, e.g. in a-phenyl propylene oxide. 
The spectroscopic data thus agree with the conclusion from general 
properties that there is some essential similarity between the electronic 
structures of ethylene oxide derivatives and of unsaturated molecules. 

Phibbs, Darwent and Steacie, 5 studying mercury-photosensitised 
reactions, find that ethylene oxide reacts principally like unsaturated, 
and only to a minor extent like saturated, hydrocarbons. 

As regards the nuclear symmetry of the ethylene oxide molecule, 
the Raman and infra-red spectra can be interpreted on the basis of a 
model in which the C, C, O atoms form an isosceles triangle and the two 
CH 2 planes lie at right-angles to the C 2 0 plane. 0 Although this is not 
unambiguous proof of the correctness of the model, there is little doubt 
that the above symmetry is highly probable (cf. the evidence given below 
for the symmetry of the related molecule cyclopropane) and we 
shall take it as correct. Linnett 7 has calculated the stretching-force 
constant of the CH link in ethylene oxide (5*0 x io 6 dyne/cm.) and found 


1 Zimakov, Acta Physicuchim., 1946, 31, 401. 

2 Walsh (unpublished work). At very low pressures, sharp bands were also 
visible from about 1520 A. If the association of these with propylene oxide is 
confirmed, there is little doubt that they are due to Rydberg transitions of the 
non-bonding oxygen electrons. 

3 Hcilbron, Johnson, Jones and Spinks, /. Chem. Soc., 1942, 727. 

4 Campbell, Linden, Godshalk and Young, /. Amer. Chem. Soc., 1947, 69, 881. 

6 Phibbs, Darwent and Steacie, J. Chem. Physics , 1948, 16, 39. 

6 Herzbcrg, Infra-ted and Raman Spectra (Van Nostrand, 1945). 

7 Linnett, Naturt , 1947, *59> 400. 
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it to lie closer to that of the CH bond in ethylene (5-1) than to that of a 
methylene group in a paraffin (4*6). On the basis of electron diffraction 
photographs, 8 a length 1*56 ± 0-05 A has been suggested foi the separ¬ 
ation of the carbon atoms. The length suggested for the CH bonds 
(1*05 A) is considerably less than the length found in methane • (1*094 A) 
and nearer to the lengths reported for ethylene® (1*071 A) and acetylene* 
(1*059 A). Not much stress can be put upon this point since the figure 
1*05 A for ethylene oxide is subject to rather wide uncertainty (± 0*07 A), 
but it is at least permissive evidence of similarity between the CH bonds 
of ethylene oxide and those of unsaturated hydrocarbon molecules. It 
fits the force constant data. 

Cyclopropane and its Derivatives.—Cyclopropane, with certain 
reagents, gives additive products. It is slowly attacked by bromine 
yielding 1 :3-dibromopropane, whereas cyclobutane and the higher 
homologues, in contrast, yield substitution products if any reaction occurs. 
Similarly, HBr immediately converts cyclopropane into propyl bromide, 
but does not attack the higher homologues. There is thus some evidence, 
even if slight, from the general properties of cyclopropane for a similarity 
between its electronic structure and that of unsaturated molecules.® 

Particular interest therefore attaches to its spectroscopic properties. 
The far ultra-violet absorption spectrum is continuous below 1950 A ; 10 
that is, it starts at wavelengths very much longer than those at which 
a C—C electrons absorb. In itself this does not tell us more than that 
there are electrons in the molecule much more weakly bound than those 
found in normal C—C single bonds. A more interesting study will be 
that of molecules containing cyclopropyl groups joined to C=C or C =0 
groups, so that we may know whether, as with epoxy groups, the char¬ 
acteristic phenomena of conjugation appear. Conjugation results in the 
so-called N V transition * moving to long wavelengths and increasing 
in intensity; and, in the special case of carbonyl compounds, in the 
N A transition * behaving likewise. Several authors (see Rogers and 
Roberts 11 and Rogers 12 ) have shown that molecules containing cyclo¬ 
propyl groups show these effects characteristic of conjugation. Thus 
Klotz 13 has shown that i-cholestadiene, containing the group CC—C=C 

C 

shows an absorption peak around 2100 A, that is, at a wavelength much 
longer than those of the peaks shown by simple olefines and close to the 
region of N V absorption by butadiene derivatives. Similarly, the 
N -* A transition of cyclopropyl methyl ketone 14 occurs at 3670 A 
= 23,500) as compared with formaldehyde and crotonaldehyde 

(Amax. = 3490 A ,* e max . = 18,200) 

(A max. = 3 77 ° A ; € max . = 26,600). 

There is thus close similarity between epoxy and cyclopropyl rings in their 
spectroscopic properties. Each is able to conjugate with unsaturated groups. 

The conclusion that cyclopropyl rings can conjugate with unsaturated 
groups is also reached from quite different lines of attack. Thus Robinson 18 
as early as 1916 on organic chemical evidence was led to postulate the 
conjugating power of a cyclopropyl group; and Kohler and Conant u 

8 Ackermann and Meyer, J. Chetn. Physics, 1936, 4, 377. 

9 For the general properties of cyclopropane and their resemblance to those 
of olefines, see Fuson, Gilman's Organic Chemistry (Wiley, 1938), vol. 1, p. 36. 

10 Ashdown, Harris and Armstrong, J. Amer. Chem . Soc., 1936, 58, 850. 

11 Rogers and Roberts, ibid., 1946, 68, 843. 

18 Rogers, ibid., 1947, 2 544 - 11 Klotz, ibid., 1944, 88. 

14 Roberts and Green, ibid., 1946, 68, 214. 

15 Robinson, J. Chem. Soc., 1916, 109, 1042. 

** Kohler and Conant, J. Amer. Chem. Soc., 1917, 39, 1404. 

* For the explanation of these symbols, see papers by Mulliken in J. Chem. 
Physics , 1939. 
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showed, with reference to several reactions, that the properties of a cyclo¬ 
propyl ring attached to a carbonyl group are not fundamentally different 
to those of the corresponding a, 0 unsaturated carbonyl compounds. 

The infra-red and Raman spectra of cyclopropane make it very prob¬ 
able that the planes of the CH* groups are at right-angles to the plane of 
the ring. Probably the C atoms lie at the corners of a 6o° triangle with 

the CH a planes bisecting the CCC angles. The 6o° triangle is supported 
by electron diffraction photographs which yield 1*53 ± 0-03 A 17 and 
1*333 A 18 for the CC distance. Saksena, 19 assuming an equilateral CCC 
triangle and the H atoms to lie at tetrahedral corners out of the ring 
plane, has calculated the stretching-force constant of the C—C bond to 
be 4*04 x 10 5 dyne/cm. (suggesting a slight weakening relative to ethane) 
and that of the C—H bonds to be 4*91 x io 5 dyne/cm. (suggesting a 
strength not far from those of methane and ethylene). Bonner, 20 by 
cruder methods, suggests a similar C—C stretching-force constant. 
Linnett 7 calculates the CH stretching force constant as 5*0 x io 6 dyne/cm. 
as compared with the values 5-1 x io 6 dyne/cm. for ethylene and 4-6 x io 6 
dvne/cm. for a methylene group in a paraffin chain. It had earlier been 
remarked 21 that considerable strength of the cyclopropane C—H bonds, 
relative to cyclobutane and ordinary paraffins, was indicated by the 
fact that, whereas with the latter compounds several intense Raman 
lines occur between 2850 and 3000 cm.' 1 , compounds containing cyclo¬ 
propane rings give no intense Raman lines in the region much below 
3000 cm.’ 1 . The force constant data thus indicate a similarity between 
the 0—II bonds of cyclopropane and those of ethylene. The CH bond 
length (x*o8 A) found by Bastiansen and Hassel 18 does the same. 

One might, therefore, expect the HCH angle to be close to 120°. 

Spinrad 22 found an external valency angle HCH of 98° from dipole 
moment data, but his calculations involved the assumption that the bond 
moment of C—Cl is the same in di- as in mono-chloro cyclopropane and 
the purity of his materials has been questioned both by himself and by 
others. 23 Smith, 24 from the moment of inertia determined from the 

infra-red spectrum, arrived at an exterior HCH angle of 136°. Skinner, 26 
however, has shown that the moment of inertia determined by Smith 
is compatible with the model of Bastiansen and Hassel, 18 involving an 
angle close to 120°. Bastiansen and Hassel recently investigated the 
electron diffraction of cyclopropane by the rotating sector method. They 

concluded from their photographs that the angle HCH was certainly 
greater than tetrahedral and gave it as 118*2° with a probable error not 
greater than ± 2 0 . An electron diffraction investigation of the related 

molecule 1 : i-dichloro-cyclopropane 23 gives the C1CC1 angle as 112 ± 4 0 . 
The slightly smaller value of this angle than of the corresponding angle 
in the Bastiansen and Hassel model for cyclopropane itself is to be ex- 

pected since the C1CC1 angle in 1 : i-dichloro-ethylene 28 (116 ± 2°) is known 
to be slightly less than the HCH angle in ethylene (118 0 , 27 119° 55'). 28 

17 Pauling and Brockway, J. Amtr. Chcm. Soc., 1937, 59» 1223. 

18 Bastiansen and Hassel, Sacrtvykk av Tids. Kjemi Iiergvesen Met., 1946, 

6» 71. 19 Saksena, Proc. Indian Acad. Sci. A, 1939, IO, 449. 

20 Bonner, J. Chem. Physics, 1937, 5> 293. 

21 Kohlrausch and Skrabal, Monatsh., 1937, 7 °» 44> 377- 
. 24 Spinrad, J. Amer. Chem. Soc., 3946, 68, 617. 

28 O'Gorman and Scbomaker, ibid., 1946, 68, 1138. 

24 Smith, Physic. Rev., 1941, 59, 924. 26 Skinner, Nature, 1947, 160, 902. 

26 Brockway, Beach and Pauling, J. Amer. Chem. Soc., 1935, 37, 2693. 

27 Thompson, Trans. Faraday Soc., 1939, 35, 697. 

28 Gallaway and Barker, J. Chem. Physics, 1942, 10, 88. 
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Theoretically it can be understood in terms of the replacement of H by 
Cl evoking more p character in the C valency to which it is attached, 29 
though the matter is complicated by the direct interaction of the two 
Cl atoms and of the weakly bound ring electrons (or tt electrons in the 
case of 1 : i-dichloro-ethylene) with the Cl lone pair electrons.* Finally, 
electron diffraction studies of the related molecule s/>iro-pentane 31 yield 

an exterior HCH angle of 120 ± 8°. One may conclude that the evidence 
is rather strongly in favour of an angle not far removed from 120°. 
Provisionally at least, it is best to take as correct the Bastiansen and 

Hassel value of HCH = 118 0 . 

The conclusion from the spectrum of cyclopropane, that the molecule 
contains electrons weakly bound in comparison with those occupying 
normal a C—C orbitals, is also reached by consideration of the high value 
of the quenching cross-section of cyclopropane for cadmium resonance 
radiation. 32 This cross-section increases greatly if weakly bound (e.g. -n) 
electrons are present, the value for cyclopropane being such as to place 
it midway between olefines and paraffins. 

Day and Pease 33 studied the vapour-phase oxidation of cyclopropane 
and found that it did not give the cool flames that are so characteristic 
of the oxidation of compounds containing paraffinic CH 2 groups. The 
rate of slow oxidation with cyclopropane was slower and the ignition 
temperatures higher than with either propylene or propane. Ethylene 
also oxidises slowly relative to propylene and gives rise to no cool 
flames. The reduced, reactivity to oxidation of these molecules relative 
to paraffins, in spite of their containing more weakly bound electrons, is 
especially noteworthy. The oxidation characteristics of cyclopropane 
are, therefore, permissive of there being a similarity between the structure 
of the molecule and that of ethylene. 

Rather strong evidence that the C valencies towards H in cyclopropane 
are close to the sp 2 hybrid type characteristic of ethylenic C atoms is 
provided by a study of the dipole moment of cyclopropyl chloride. This 
moment (1*751}) is 0*3!} less than the values for isopropyl chloride and 
cvclopentyl chloride. 11 * 23 Consideration of inductive effects on the 
basis of the usual strained ring structure for cyclopropane would lead 
to the expectation of a moment as large or larger than that of isopropyl 
chloride, since the electrons in the ring must be considered weakly bound 
and therefore particularly polarisable. Also, Rogers and Roberts 11 
point out that one would expect the moment of cyclopropyl chloride, on 
a strained ring basis, to be as large or larger than that of cyclopentyl 
chloride since the polarisable matter is concentrated more nearly in the 
line of the original dipole due to the small CCC angle. The difference in 
moments induced in the hydrocarbon parts of these molecules should 
be no more than that between the moments of isopropyl chloride and 
3-chloro-heptanc, for which identical moments have been reported. 
The low dipole moment of cyclopropyl chloride is at once understandable 
if we suppose that the C atom to which the Cl atom is attached is a trigonal 
one. A trigonal C atom has a higher electronegativity in its sp 2 valencies 
than has a tetrahedral C atom in its sp 8 valencies, 29 so that largely because 
of this (combined with some delocalisation of the Cl lone-pair electrons) 

29 Walsh, Discussions Faraday Soc., 1947, 2, 18. 

30 Pauling and Brockway, J. Amer. Chetn. Soc., 1935, 57, 2684. 

31 Donohue, Humphrey and Schomaker, ibid., 1945, 67, 332. 

32 Steacie and LeRoy, J. Chem. Physics, 1943, 11, 164. 

33 Day and Pease, J. Amer. Chem. Soc., 1941, 65, 912. 

* In CH a Cl 2 the repulsion of the two Cl atoms evidently overcomes the 

/N /X 

electronegativity-hybridisation effect, since C1CC1 is greater than HCH in CH 4 . ao 
In i : i-dichloro-ethylene the Cl—Cl repulsion can be considered as largely 
cancelled by the interaction of the Cl lone pair and CC tt electrons, so that the 
electronegativity-hybridisation effect has a clearer field. 
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vinyl and phenyl chlorides have lower dipole moments than the correspond¬ 
ing paraffinic chlorides. Rogers 18 provides other dipole moment evidence 
for near-trigonal C atoms in cyclopropyl groups. 

5 ptro-pentane.—The compound spiro- pentane, C 5 H a , was first pre¬ 
pared by Murray and Stevenson. 84 The substance is remarkably stable. 
The formula (II) was assigned to it on the grounds of its mode of pre¬ 
paration, its chemical properties and its Raman spectrum. Electron 
diffraction investigations 81 have confirmed this arrangement of the C 
nuclei and shown the planes of the two rings to be at right-angles t and 

the angle HCH to be 120 ± 8°. Infra-red studies 88 provide confirmatory 
evidence for the D id structure. 


CH 2 — ch 2 

\ / 

C 

/ \ 


(II) 


Discussion 

The similarity of the ethylene oxide and cyclopropane structures in 
several important points—for example, their spectra, their conjugating 
power and the strength of their C—H bonds—is evident from the review 
of their properties. This is very satisfactory for it is a well-known prin¬ 
ciple of valency theory that a group XH commonly has properties rather 
similar to those of the “ fused nucleus/' It should be possible to exchange 
O for CH 2 without making a fundamental difference to the nature of the 
molecule: this, indeed, is what is observed. 

More important, however, is that evidence from many independent 
sources indicates that the hybridisation state of the C valencies in these 
molecules is close to that of the C atoms in ethylene. The low dipole 
moment of cyclopropyl chloride indicates a C valency towards hydrogen 
in cyclopropane close to sp 2 . Evidence as to the external valency angle 
in cyclopropane does likewise. The magnitude of the C—H stretching- 
force constant in both ethylene oxide and cyclopropane leads to the same 
end. Other evidence is at least permissive. Most important of all the 
property of conjugating power leads to a similar conclusion. From a 
molecular-orbital point of view, the phenomena of conjugation are essent- 
ally due to the increase of “ available space,” into which we can fit the 
wavelengths that characterise the possible n orbitals. The available 
space is conceived as formed by the sideways overlap of 2 p atomic orbitals 
(abbreviated to AOs) on neighbouring C atoms. The magnitude of the 
conjugating power of cyclopropyl and olefine oxide groups must mean 
that there are present in these groups molecular orbitals (MOs) which are 
largely built from 2 p AOs and thus inevitably give proper sideways over¬ 
lap with 2 p AOs of parallel axis on neighbouring C atoms. Cyclopropane 
and ethylene oxide are therefore built from C atoms that are using an 
approximately pure 2 p AO. This fits the idea that these C atoms are close 
to ethylenic in nature, i.e. are forming three hybrid sp 8 valencies at 120° 
in a plane and one pure p valency of axis at 90° to this plane. 

It is important to stress this conclusion that the C atoms in cyclo¬ 
propane and ethylene oxide have much similarity in their hybridisation 
condition to those in ethylene. Cyclopropane and ethylene oxide can 
be regarded as formed from CH, groups whose C atoms are in a state of 
hybridisation close to that of ethylenic C atoms. It is this significant 
conclusion that any successful theory of these molecules has to explain 
and whose implications have to be drawn out. 

34 Murray and Stevenson, J. Amer. Chem. Soc., 1944, 66, 812. 

83 Cleveland, Murray and Gallaway, J . Chem. Physics , 1947, 15, 742. 
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The Orbitals in the GGG and GGO Rings. —A survey of the facts 
relating to the ethylene oxide and cyclopropane molecules clearly makes 
the natural starting point for an electronic description of the binding in 



these molecules that of bringing together CH a groups in an ethylenic 
rather than a paraffinic state. One enquires what happens when CH, 
groups are brought together whose C valencies towards H are sp 8 in type 
and whose planes are at 90° to the 
CCC ring plane. MOs in the result¬ 
ing hypothetical cyclopropane mole¬ 
cule are formed by the overlap of 2 p 
AOs whose axes lie in the plane of 
the ring. Other MOs are formed by 
the overlap of hybrid sp 1 AOs whose 
axes also lie in the plane of the ring. 

The overlap is shown in (III). AB, 

CB, DB are CH a planes at qo° to the 
paper. One then asks how the elec¬ 
trons are distributed in such a 
system. From the general sym¬ 
metry of the overlap picture one 
would suppose the probability 
pattern of the electrons in the 
resultant MOs to have something of 
the character of (IV). This can be 
justified as follows (cf. Sugden 3C ). 

If we assume that the CH orbitals are localised, but that the MOs 
formed by the overlap of the similar AOs ( 0 i 0 *<A s ), one from each C atom 
in the ring, are non-localised, then these latter MOs are given by 57 

~ 7 =( 0 i 4 - f ^i) • • • • (1) 

V 3 

— ^ t ).(2) 

-£=(./,! + </>,— .(3) 

84 Sugden, Nature, 1947, 160, 367. 

87 Mulliken, J. Chem. Physics, 1935, 1, 492. 
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The first of these represents a wave having no nodes in the available space ; 
the second a wave with a nodal line passing through atom (3) and bisecting 
the (i)-(2) line ; and the third a wave with a nodal line passing through 
the centre of gravity and at 90° to the nodal line of the second MO. (2) 
and (3) are degenerate, the degeneracy arising from the twofold symmetry 
of the available space. The problem and the forms of the resulting MOs 
are very similar to those involved in determining the n orbitals of benzene. 
In the constituent AOs used to form the non-localised MOs, however, 
benzene and our hypothetical cyclopropane molecule are very different. 
In the former, the overlap is of the “ sideways ” type between 2 p AOs 
of axes perpendicular to the plane of the ring. In the latter it is as (III). 
(Ill) involves two types of overlapping AOs. In so far as these do not 
mix, there will be therefore a set of three possible MOs as (1), (2), (3) where 
0 1( 0 2 , 0 3 represent the hybrid sp 2 AOs and another set where 0 lf 0 2 , 0* 
represent the zp AOs of (III). 

Considering the set derived from the $p 2 AOs, (1) will clearly give rise 
to strong bonding between all the carbon nuclei. (2) and (3) will give 
rise to rather strong anti-bonding since they involve more nodes than 
anti-nodes in the CC lines. Considering the set derived from the zp AOs 
lying in the plane of the ring, clear diagrams of these have been given by 
Sugdcn. 30 Their peculiarity is that, whereas in the former set, orbital (1) 
was bonding and the two degenerate orbitals (2) and (3) were anti-bonding, 
here orbital (1) is anti-bonding and the two degenerate orbitals (2) and 
(3) have a net bonding effect. 

Thus two electrons occupy an orbital of type (1) where 0 lf 0 2 , 0 3 
represent hybrid sp 2 AOs. Their probability pattern is the three-pronged 
area a in (IV). Four electrons occupy the two degenerate orbitals of 
type (2) and (3) where 0,, 0 2 , 0 3 represent zp AOs in the plane of the ring. 
Their probability pattern is the connected three-lobed area bdc. Their 
effect is partly anti-bonding and (to a greater extent) partly bonding. 

We have assumed, however, non-localised orbitals in the ring. (Ill) 
probably implies not only some character as (IV), but also some localised 
bond character. The overlap between any pair of zp AOs is neither 
“ sideways ” nor “ endwise/’ In so far as it is the latter, the resulting 
MO is compact and overlaps little with the third zp AO, i.e. localised bonds 
at b, d, e result, a is vacated and its component AOs, mixed with the 
original C AOs, cause some change towards tetrahedral sp 3 valencies. 

✓N 

In this way one can see that the HCH angle will not be quite as large as 
120 0 and that the conjugating power will be somewhat reduced relative 
to an cthenoid group. The angle between the zp axes, however, is such 
that sideways overlap, with resulting non-localisation, will be greater 
than endwise, so that the C valencies towards H will be nearer sp 2 than sp 3 . 

Qualitatively, therefore, one can understand the nature of the cyclo¬ 
propane molecule by regarding it as formed from three initially ethylenic 
CH 2 groups, i.e. by orbitals overlapping as (111). The result appears to 
be to give ring orbitals partly as (IV), but with some tendency towards 
bonds localised m particular CC distances. Further, light is shed on the 
stability of cyclopropane for there is a total of three bonding orbitals in 
which we can accommodate without trouble the six electrons that have 
to be fed into the CCC orbitals. 

Independent of the precise forms of the resulting MOs, however, the 
experimental evidence leading to (III) as representing to a considerable 
extent the overlap involved in cyclopropane and related molecules is 
strong. 

In ethylene oxide the probability pattern would be similar to (IV), 
except that the presence of the dipole (i*88D) means e is now tenuous, 
b and d are drawn downwards and the upper prongs of a are contracted ; 
(V) results. 

Implications.—The implications and advantages of the discussion 
so far are — 
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(1) It shows how many of the salient properties of cyclopropane and 
ethylene oxide are not isolated but connected and, therefore, to some 
extent deducible one from another. 

(2) It explains the peculiar relation of cyclopropane to ethylene. 
The probability pattern (IV) is in a sense a generalisation to 3 centres 
of the orbital picture (VI) which has been evolved to explain 2-centre 



(V) (VI) 


unsaturation.* / represents the a, and gh the it orbital. (That (IV) and 
(VI) are the same geometrical pattern applied to two and three centres 
respectively can be shown by folding filter papers. Fold a paper along 
two diameters at 90° : cut it as in (VII). Fold a second paper along 



(VII) (VIII) ' (IX) 


three diameters at 6o° (VIII), bringing i to j and then k to ij : cut as in 
(IX) which is similar to (VII). On opening out, / becomes a, gh become 
bde.) In an older theory of the C=C link in ethylene the two CC bonds 
were regarded as both of the same nature and the “ anomalies " in the 
properties of ethylene (relative to the paraffins) were attributed to strain 
due to distortion of the bonds from the tetrahedral directions. While 
that theory is held it is expected that cyclopropane should show some un¬ 
saturation character, for any two C atoms in it can be regarded as joined 
by two curved lines (one proceeding via a third C atom). The quantum 

mechanical description of ^>C=C<^, in discarding the older theory, has led 
to much progress in understanding the properties of ^>C=C<^ groups (par¬ 
ticularly [a) the spectroscopic properties of conjugation and (6) the 

✓N 

properties of the valencies external to the C=C (e.g. HCH in ethylene)), 
but has destroyed the “ naturalness " of the unsaturation of cyclopropane. 
In evolving the new theory for ethylene, an obligation was incurred— 
but apparently not recognised—to reconsider the structure of cyclopropane 
in the light of the new ideas on ethylene. That the old theory for ethylene 
is by no means completely unsatisfactory is found in more than one recent 

* We may conveniently term the unsaturation in cyclopropane 3-centrc 
unsaturation to distinguish it from the 2-centre unsaturation of ethylene and 
the 4-centre unsaturation of cyclobutane. 
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example.®* In the same way the theory of bent bonds in cyclopropane 
is a useful one but not adequate for explaining the conjugating properties 

A 

and the nature of the valencies external to the ring (e.g. HCH in cyclo¬ 
propane). 

Much of the old idea of strain can be translated into terms of hybrid¬ 
isation. Translation from one description to another is always well worth 
making for it frequently deepens insight. Thus to translate the older idea 
of the Pj molecule as a strained tetrahedron into the terms of hybridisa¬ 
tion 89 is to realise why N 4 does not exist. In the same way a translation 
of the strained ring theory of cyclopropane into hybridisation terms is 
likely to deepen our understanding of this and related molecules, just as 
a similar translation has done with ethylene. The two cases go together 
and it is not surprising that the probability picture indicated for cyclo¬ 
propane should be a generalisation of that thought to hold for ethylene. 

(3) It ascribes to cyclopropane or ethylene oxide an orbital picture 
which, whatever its precise details, explains such properties as the con¬ 
jugating power of epoxy or cyclopropyl groups, in the same way as the 
conjugating power of C=C groups is explained. In the neighbourhood 
of any C atom the orbital b d e must look like the AO from which it is 
partly composed. For conjugation the groups must set themselves such 
that their plane of the ring is parallel to the axis of neighbouring 2 p AOs, 
i.e. perpendicular to the plane of a conjugated side-chain. Molecules 
containing CC — 0 =C groups therefore afford examples of conjugated 

C 

carbon chains that are not co-planar. 

(4) Granted the stability of cyclopropane, it explains the stability of 
s£iro-pentane and certain other molecules. The essential feature of the 
overlap picture (III) is that any C atom should have a 2 p AO of axis in 
the plane of the ring and a hybrid AO pointing towards the centre of 
gravity of the ring. This feature could be retained if one of the CH 2 
groups were replaced by an acetylenic C atom. The hybrid AO pointing 
towards the centre of the ring would now be sp in nature, the two H 
atoms would be replaced by a second 2 p AO of axis perpendicular to the 
plane of the ring and a second sp AO would project at 180° to the first. 
In other words one could build a second ring having a plane at 90° to 
the first. The existence of spiro-penta.ne with its two rings at 90° there¬ 
fore becomes a simple consequence of the overlap picture (III). In contrast, 
from the “ strained ring " viewpoint, spiVo-pentane looks a most improb¬ 
able molecule. Incidentally, further homologues should be possible by 
changing other CH a groups for acetylenic C atoms. In these homologues, 
adjacent rings will always be at 90° and the chain of rings will look like 
the stems of certain cacti. 

The essential feature of the overlap picture (III) could also be retained 
if two of the C atoms were changed from the trigonal to digonal hybrid¬ 
isation condition. The 2 p AOs of axis in the plane of the ring and the 
hybrid AOs pointing towards the centre of gravity of the ring remain 
much as in (III) ; but one now has on each of two C atoms another 2 p 
AO of axis at 90° to the plane of the ring. In other words a true n bond 
can now be formed and the prediction is that, if cyclopropane is stable, 
the group (X) should have considerable stability. It is important that 
such groups have been reported. 40 Some of the properties of molecules 

34 Bernstein, /. Chem. Physics , 1947, 15, 284 : cf. Lewis and Calvin, Chem. 
Rev., 1939, 25, 281. 

89 Arnold, J. Chem. Physics, 1946, 14, 351. For an older viewpoint, see Skinner 
Trans. Faraday Soc., 1945, 41, 645. 

, 40 See Schlatter, J. Amer. Chem. Soc., 1941,63,1733 ; Feist, Ber., 1893,26, 750; 
Haerdi and Thorpe, J. Chem. Soc., 1925, 127, 1237. I am indebted to Prof. 
F. O. Rice and Prof. C. K. Ingold for calling my attention to the work of Schlatter 
and Feist respectively. 
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containing (X) can be predicted from knowledge of the correlations be¬ 
tween properties and valency hybridisation, 88 and should be capable of 
experimental test in the future. From the viewpoint of bent bonds, (X) 
looks most improbable. 

c 



(X) (XI) 


To recapitulate, the facts show that (III) is very largely the overlap 
picture involved in the cyclopropane ring. (Ill) somehow possesses 
stability. Some indication of why this is so has been given. But, 
independent of the interpretation, the idea that six electrons fed into 
orbitals resulting from overlap as in (III) confers stability explains the 
stability of s^nVo-pentane and the group (X). 

(5) We have argued that (III) implies not only some character as 
(IV), but also some localised bond character. The 6o° angle between 
the 2 p axes in cyclopropane implies that the former is more important 
than the latter, in accord with the C valencies towards H being nearer 
sp 2 than ip 8 . In cyclobutane the angles are such that localisation is greater 
and 4-centre unsaturation less. Even in cyclohexane, however, a greater 
tendency (than in paraffins) towards 2 p character in the C valencies to C 
and of 2s in the C valencies to II appears to be shown by CC weakness 41 
and (in spite of the CH bonds being 2° ones) CH strength (shown by com 
bining thermochcmical data with the fact of CC weakness). 

(6) (V) has the merit that it gives a possible explanation of a fact 
that has been stressed by Robinson, 42 namely, the resemblance of ethylene 

oxide to acetaldehyde : for a ^>C==0 group has the MO picture (XI) 

which clearly has some resemblance to (V). The resemblance is, no doubt, 
increased because the length of the perpendicular from the O to the CC 
line (calculated from the electron diffraction data) is 1*20 A, which is 
close to the C=0 length in acetaldehyde (1*22 A). The possibility of 
isomerisation of ethylene oxide to acetaldehyde doubtless increases the 
apparent resemblance still further. The resemblance presumably only 

concerns the ^>C=0 group of CH a CHO. The CH bonds of ethylene 

oxide are certainly stronger than those of CH 3 CHO (a fact reflected in 
differences found between the reactions of H atoms with ethylene oxide 
and aldehydes 48 ). 

(7) The discussion affords a partial explanation of why the ozone 
molecule does not adopt the shape of an equilateral triangle. If it did 
adopt such a shape, then it would be expected that possible MOs would 
be built from (a) hybrid or 2 p AOs pointing to the centre of the ring, 
(b) 2 p AOs of axis in the plane of the ring, (c) 2 p AOs of axis at 90° to 
the plane of the ring. Those resulting from (a) and (b) would be as in 
cyclopropane, and, as already explained, could accommodate just six 
electrons in bonding MOs. Those resulting from ( c ) would be n orbitals 
extending over the whole triangle. Only one of them (of form given by 

41 Sutherland and Ramsay, Proc. Roy. Soc. A, 1947, 190, 243 ; Walsh, 
Trans. Faraday Soc., 1946, 42, 779. 48 Robinson, Nature, 1947, 160, 162. 

48 Trost, Darwent and Steacie, J. Chem. Physics , 1948, 16, 353. 
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(1)) would be bonding. Two electrons could be accommodated in this 
and the remaining four would have to go into anti-bonding orbitals. 
Relative to cyclopropane, one therefore has an additional net anti-bonding 
effect. 

In other words, as three O atoms are brought together to form an 
equilateral triangle, 2 p m lone pairs of electrons repel each other. It 
is not therefore surprising that the ozone molecule prefers a different 
nuclear arrangement. Something of this anti-bonding effect must be 
present in the carbonate ion, but here it is much weaker owing to the 
greater O—O distances. It is very weak in cyclopropane relative to ozone 
because the electrons causing the repulsion in 0 3 are localised in C a H 8 
in CH orbitals that (i) are so tightly bound and (ii) have such a position, 
that they overlap very little. 

In a similar way, light is thrown upon the problem why, although 
(CH2) a and (CII 2 ) a O exist, (CH 2 ) 0 2 is not known. For (CH a ) 0 2 to have 
a similar structure to (CH 2 ) 3 and (CH 2 ) a O, it would have to accommodate 
four electrons in n orbitals and two of these would have to go into a strongly 
anti-bonding 7r orbital between the O atoms. 

Other Related Molecules.— The structure of ethylene sulphide may 
be interpreted similarly to that of ethylene oxide. Linnett 7 finds the 
stretching force constant of its CH bonds to be the same as those of 
ethylene oxide and cyclopropane. Ethylene inline 44 shows the same 
polymerisation tendencies as ethylene oxide and may also be interpreted 
structurally like ethylene oxide : NH is expected in valency theory to 
resemble CH 2 and O. 

Note on Other Work.—In the present paper the electronic structure 
of cyclopropane has been considered from the starting point of bringing 
together ethylenic CH 2 groups. This is a natural approach because a 
survey of the facts suggests the path from it to the ultimate goal to be 
short. The work is largely empirical in its nature, being concerned with 
the recognition and fitting together of the various facts and then, accepting 
these facts, with the drawing-out of their implications. Obviously, however, 
other starting points are possible. A preliminary description of a more 
fundamental treatment has been given by Coulson and Moffitt. 4r> This 
starts with a model containing three filled localised orbitals, one associated 
with each CC distance, and, like the old strain theory, stresses that the 
lines of maximum charge density do not necessarily coincide with the CC 
directions. The energy of cyclopropane is expressed in terms of a function 
expressing the degree of hybridisation (regarded as a variational para¬ 
meter) in the ring valencies employed. Minimisation of the energy then 
yields predictions of properties of the molecule. Two of these in par¬ 
ticular are in accord qualitatively with the present discussion, namely, that 

the HCH angle should be greater than tetrahedral, i.e. some way towards 
120°, and that some delocalisation of the ring electrons is present so that to 
some extent they occupy orbitals with a connected density pattern rather 
like bde of (IV). However, in its preliminary form, the treatment yields 

an HCH angle of only 113 0 instead of the Bastianscn-Hassel value of 
118° and it deals as yet with only a limited selection of the facts including 
for example, no explicit account of the conjugating power of cyclopropyl 
group* and the structures of related molecules like s/?fro-pentane. 

Laboratory of Physical Chemistry , 

Cambridge. 

44 Jones, Langsjoen, Neumann and Zomlcfer, J. Org. Chem. t 1944, 9, 125. 

46 Coulson and Moffitt, /. Chcm. Physics, 1947, 13, 151. 
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A comparison is made between the bond order, the 7r-bond dissociation 
energy (IV) and the 7r-electron energy loss (Y) on saturating a bond in a con¬ 
jugated system, all calculated on the basis of Iluckel's approximate molecular- 
orbital method. It is shown that a rough correlation exists between these cal¬ 
culated parameters. The results arc applied to a discussion of the kinetics of 
cis-trans isomerisation and of the thermodynamics of double-bond addition 
reactions. It follows from this that, in so far as the basic theory is valid, bond 
orders may be used in certain cases as an approximate index of chemical as well 
as physical double-bond character. 


1. Physical Significance of Bond Order 

According to classical valency theory the links between two carbon 
atoms can be rigidly classified as single, double or triple bonds. The 
application of quantum mechanics to valency problems has shown that 
such a sharp classification is incorrect, and that most bonds are to be 
assigned non-integral bond orders. 1 - 2 - 3 In the cases considered here, 
i.e. conjugated systems in which “ single ** and “ double " bonds alternate, 
this order lies between t and 2 for all bonds and, according to Coulson's 
definition 8 —employing the calculus of the method of molecular orbitals 4 * * 
—tends to the same value (1*637) for both “ single ” and “ double " bonds 
in the middle of an infinitely long conjugated polyene chain. 

To illustrate the physical significance of Coulson’s bond order (B.O.), 
its definition (for a bond linking atoms r and s) may be stated in the form 8 

(B.O.) r , = 14 pr, — I + 

where E is the total electronic energy of the ^-electrons in the molecule 

and f} ri ~~ j^H^dr (resonance integral). The mobile bond order p rs 

which is the contribution from the 77-clectrons to the total bond order 
can thus be interpreted 3 as “ a measure of the force tending to change 
the length of that bond, in the configuration in which all bonds are sup¬ 
posed equal in length, only forces due to mobile electrons being considered.” 
Bond orders on this scale run closely parallel to those on the scale defined 
by Penney 2 on the basis of the valence-bond method. The physical 
reality of bond orders is firmly established through their good correlation 
with experi men tally determined bond lengths.® 

The bond order is essentially a “ static " property and does not claim 
to provide an index for “ dynamic ” double-bond character, as exemplified 
by stiffness to rotation or reactivity for addition reactions, as chemists 
sometimes expect it to do. It is the object of the present survey to examine 
whether bond orders do, nevertheless, bear some relation to the energy 

1 Pauling, Brockway and Beach, /. Amer. Chem. Soc., 1935, 57, 2705. 

3 Penney, Proc. Rov. Soc,, A, 1 037, 158, 318. 

3 Coulson, ibid., 1939, 169, .113. 

4 Hiickel, Z. Physik., 1931, 70, 204 ; 72, 310 ; 1932, 76, 628. 

6 Lennard-Jones and Coulson, Trans. Faraday Soc., 1939, 35, 811. 
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parameters which should govern these “ dynamic " criteria of double¬ 
bond character. 


II. The Quantity W 

In the first place we shall consider the behaviour of the energy quantity 
W, defined as the amount of 77-electron energy lost by the molecule on 
reducing the interaction of the ^-electrons across the bond concerned to 
zero, without any accompanying change in the energy of interaction of 
the a-electrons (W is therefore equivalent to the bond dissociation energy 
of the 77-bond). This process is purely hypothetical but may, in certain 
cases, bear some relation to the ease of rotation abotit the bond. It is 
assumed that the ^-electrons will then assume the more localised arrange¬ 
ment appropriate to the force-field of the new frame, e.g. on stopping the 
^-electron interaction across the middle bond in butadiene each half of 
the molecule will assume the 77-electron distribution obtained by solution 
of the secular equation for ethylene. In order to make the comparison 
of the quantity W with Coulson’s bond orders internally consistent 
HuckeJ's approximation of the molecular-orbital method 4 is used for 
deriving the 7 r~electron energy of both the original molecule (E) and of 
the disturbed frame (E'). The principle of the calculation is then illus¬ 
trated by the case of the central bond in 1 : 3-butadiene where we may 
say that we solve the secular equations 


and 


a— e 
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■ ( 1 ) 
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o o 


. ( 2 ) 


differing only in the elements H 2Z , H Z2 corresponding to the bond 2-3 
across which the 7r-interaction is broken. The second equation will, 
of course, factorise to give two identical two-row determinants cor¬ 
responding to the two isolated ethylene halves. The value of E (or E') 
is then obtained by allotting the 77-electrons pairwise to the lowest energy 
levels € (or P) obtained as roots of these equations and then summing 

the energies for all 77-electrons (a = Coulomb integral = p r //^dr). 

As the term involving a remains unchanged, (E — E') is given by the 
difference in the 77-electron coupling energies (i.e. the terms involving 
P in the expression for the 77-electron energy). 

Table I illustrates the evaluation of W for three bonds in diphenyl- 
butadiene. 

Table II gives a summary of the results of these calculations for typical 
compounds, using in the main values given in the literature/*' 6 7 > 8 Pub¬ 
lished values of Coulson’s bond orders are listed for comparison wherever 


6 Iluckd, Z. Elektrochem., 1937, 43 > 775 - 

7 Wheland, J. Amev. Chem. Soc ig4i, 63, 2025. 

8 Syrkin and Diatkina, Acta Physicochim,, 1946, 21, 641, 921. 
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TABLE I 

Evaluation of W for various Bonds in Diphenylbutadiene 
Ph-^-CH == CH—CH - * CH—Ph E — 16a + 2i*4Oi0*t 


Bond 
f—s 

Conjugated System left 
after Breaking ^-Inter¬ 
action across r—s 

(£' - 16a) X fi " 1 

w X J - 1 


a 

Benzene -f- phenyl- 
butadiene 

(8*oo-|-12*932*) — 20*932 

0*469 

1-444 * 

b 

PhCH 2 +PhCH = 

CH—*CH 2 

(8*721 + ii*385*) = 20*io6 

I 295 

1-758 * 

c 

2 x styrene 

(2 X 10*424) — 20*848 

o -553 

1-501 * 


* New calculations. 

f The value 24*401 given by Huckel 6 is evidently a misprint. 

possible. In Fig. 1 the values of B.O. are plotted against W t where in 
addition to the results of Table I a few unpublished results * of B.O. 



Fig. 1. 

have been included. It is seen that a fair correlation exists and that W 
increases as B.O. increases, although dPF/d(B.O.) is by no means constant 

• Coulson (unpublished calculations). 
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TABLE II 


Molecule 

Bond 

B.O. f 1 

w 

X/ 3 -i 

W 

(keal.) 

y 

X0-1 

a b 


1-894 

1-64 



CH j=CH—Cl I=CH 2 

a 

29*5 

2*47 


b 

1*447 

o *47 

8*5 

4*47 

a b c 


1-871 


25-6 


CH a ==CII— 01 = 01 —L'H=CH 2 

a 

1*42 

2*49 


b 

i- 4«3 

0*49 

8-8 


c 

1-785 

1-30 

234 

2-96 

abed 




26-5 


CHj-^CH --CH==CH—C 1 I=CH—C H=CH a 

a 

1-862 

i *47 

2-56 


b 

1*495 

0-56 

IOI 

— 


c 

1-758 

i*i 5 

20*7 

3*05 


d 

1*529 

0*58 

10*4 

— 

CHjSSsjCH — CH—JjjC'ITjj 

a 

1*850 

i *34 

; 2 4 -i 

2*54 


b 

1-507 

o *54 

i 97 

— 


c 

i- 73 i 

1-06 

19*1 

3*09 


d 

1-562 

0-62 

11*2 

— 


c 

1-700 

0*98 

17*6 

3 *i 6 


/ 

1-582 

0-67 

12-1 

— 


g 

1-686 

<>•91 

16-4 

3*21 


h 

1*591 

o-66 

ii*9 

— 


i 

l-680 

0*92 

l6*0 

3*20 


j 

I -596 

0-67 

12*1 

— 


k 

1-077 

0-91 

16*4 

3-21 


l 

1*597 

0*67 

12*1 

— 

a b 






Pli- CH=CH 2 

a 

1-408* 

0-42 

7*6 

— 


b 

1*912* 

1*70 

30-6 

2*42 

abed 






l’h — CH=CH — CH==CH 2 

a 


0*46 

8-3 

— 

b 

— 

i- 3 ‘S 

24*8 

2-93 


c 

— 

0*51 

9-2 

— 


d 

— 

1-55 

28*0 

2 * 51 . 

a b c d e 






Ph - ci t=ch—c h==c n — ct i=c i j 2 

a 

--- 

0*50 

9 *o 

— 


b 

— 

1*20 

21*6 

2-99 


c 

— 

o -57 

10-3 

— 


d 


1*25 

22-5 

3*04 


e 

— 

o *53 

9*5 

— 


a 

1*371 

0*38 

6*8 

— 

b 

— 

0*92 

16*6 

3 * 9 i 

a b 




8*i 


Ph ~CH=GH—Ph 

a 

1*421* 

3*4 5 

— 


b 

1-820* 

1*44 

25*9 

2*88 

a b c 




8*5 


Ph—C H=CH—C H=OI I—Ph 

a 

1-444* 

0-47 

— 


b 

1-758* 

1-30 

23*4 

2*98 


c 

1-501* 

o*55 

9*9 

— 

a VCH 2 

Ph—C." 

XCIT=CI ] o 

a 

— 

0*31 

5*6 

— 

b 

c 

— 

1*40 

0*36 

25*2 

6*5 

2-78 

d 

d 

— 

i*6o 

28*8 

2*35 

Phwj b 

a 

_ 

0*39 

7-0 

_ 

X g=== ch 2 

b 

— 

i*5i 

27-2 

2*81 

Ph' 




Phs- b yPh 

a 

b 

c 

— 

0-38 

1-24 

0*45 

6*8 

22*3 

8-i 

3*26 

Phsfl b ✓Ph 

Ph/^^Ph 

a 

b 

— 

0-46 

1*12 

8*3 

20*2 

3*72 
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and is much greater at high bond orders than at low ones. The scatter 
of the points is not excessive, as such a variety of compounds, both cyclic 
and open-chain, is represented by them, so that a rough estimate of W 
can be made if the value of the bond order is known, or vice versa. 

A different approach to the problem of the connection between B.O. 
and W would be the mathematical examination of the relation 

- ‘ii*- 4 *"- ■ -» 

III. Rotation about “Unsaturation” Bonds 

When a part of a molecule which is linked to the re 6 t of the molecule 
through a bond with partial double-bond character is rotated out of 
coplanarity with the other part, the interaction of the ir-orbitals between 
the two parts becomes weakened and falls practically to zero when the 
planes of the carbon atoms are oriented at right-angles to one another. 
This orientation represents the configuration of maximum w-electron 
energy in the course of rotation about that link. Subject to other factors 
present, some of which will be noted below, the perpendicular orientation 
may then be regarded as the transition state and W may be thought of 
as the contribution from the 77-electrons to the heat of activation for 
cis-trans isomerisation. This idea has been mentioned before 10 but its 
consequences do not seem to have been systematically examined before. 
In the case of ethylene a more detailed treatment has been attempted by 
Penney , 11 and more recently by Mulliken and Roothaan . 11 The first 
objection to be raised against the simple procedure is the fact that the 
molecule with the non-coplanar orientation of its parts is not correctly 
represented by a secular equation of the type of eqn. (2) ; for example, 
as p is a composite quantity 7 » 12 it is incorrect to put H iZ = H 9t = o 
in this instance but, for the present argument, it seems hardly justifiable 
to seek such refinement of the theory which would render the treatment 
too laborious. As we are mainly interested in the comparison of different 
bonds the absolute error thus introduced will probably cancel out to a 
large extent. 

It is assumed that no steric hindrance is present in the molecule, so 
that it is normally in the coplanar form possessing the full amount of 
resonance energy. This assumption is probably justified in the case of 
the fraws-polyene chains but is not quite correct for cis structures. Com¬ 
plications due to hyperconjugation have been neglected. 1 * 

Apart from the 77-electrons the a-electrons may contribute to the 
activation energy of isomerisation. In a multiple bond the length of the 
<y-bond is compressed to below its ordinary value and, when the inter¬ 
action of the ^-electrons is stopped, the link will expand to the single¬ 
bond distance and thus contribute to the stability of the transition state. 
The lengths of the other bonds in the molecule will also adjust themselves 
to different lengths in the transition state owing to the general redis¬ 
tribution of the 77-electrons. 

A possible method of taking account of these energies has been out¬ 
lined by Lennard-Jones 13 and could be extended to the present calcula¬ 
tions. However, it has been shown that Hiickel's method yields consistent 
results even when such energy terms are neglected, provided that an 
appropriate value of 0 is chosen which apparently absorbs the error thus 
introduced. (The value chosen is p = — 18 keal.) 

For rotation about bonds, designated conventionally as “ single" 
bonds, the heats of activation calculated in this manner are reasonable. 

10 Coulson, Proc. Roy. Soc. Edin. A, 1941, 61, 115. 

11 Penney, Proc. Physic. Soc. t 1934, 46, 333. Mulliken and Roothaan, Chetn . 
Rev., 1947, 4 *» 2I< >- 

18 Mulliken, Rieke and Brown, J. Amer. Chem. Soc. f 1941, 63, 41. 

13 Lennard-Jones, Proc. Roy. Soc. A, 1937, *58, 280. 
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The general trend of the data is consistent with the known fact that it 
is—if at all possible—extremely difficult to isolate separate geometrical 
isomers about “ single " bonds (except through the completely different 
cause of steric hindrance, as in the diphenyls) because when the two isomers 
are separated by only a low energy barrier the less stable form will be 
rapidly converted to the more stable isomer. (Because of some steric 
hindrance the m-form is generally the less stable isomer. For stilbene 
the energy difference between cis - and transforms has been experimentally 
estimated 14 as 27 kcal. Carotenoid isomers, differing only in the geo¬ 
metrical isomerism of one “ double " bond, appear to have an energy 
difference of about 1-2 kcal.) For these reasons it is probable that the 
mechanism of cis-trans isomerisation about " single " bonds is, in fact, 
of the simple type considered here. However, it must again be emphasised 
that many factors have been neglected in this calculation (e.g. steric 
hindrance, hyperconjugation) so that no reliance is to be placed on the 
absolute magnitude of any individual activation energy calculated. 

The difference in electronic energy between the perpendicular and 
coplanar forms must also be included in the steric hindrance calculations 
for the rate of isomerisation of sterically-hindered diphenyl derivatives. 16 
As the transition state is in this case the coplanar form (or very close to 
it) the effect operates in the direction of reducing the activation energy. 

For formal “ double " bonds, on the other hand, the calculated values 
of the heat of activation do not agree with experience. For instance, the 
thermal isomerisation of (cis-) isostilbene -* (trans-) stilbene has been 
thoroughly investigated 18 and found to have an activation energy of 
~ 43 kcal., so that an experimental value of ^ 46 kcal. (corrected for the 
difference in energy content of the cis- and trans- forms mentioned above), 
should be compared with the calculated estimate of 25*9 kcal. A different 
value of ft could modify these results somewhat, but the explanation of 
the failure of the calculation in this case is probably a more fundamental 
one. 

There is a difference in kind (and not only of degree) between rotation 
about “ single " and “ double " bonds by the mechanism considered in 
that each isolated portion of the molecule contains an even number of 
electrons in the former case but contains an odd number when the double 
bond is rotated. The energy level calculated by the simple molecular- 
orbital method lies between the singlet and triplet levels of the rotated 
molecule. If the reaction goes only through singlet states, about half 
the singlet-triplet separation must then be added on to the value of W, 
If some switching over to the triplet state can occur, the heat of activation 
can have a much lower value, but this would probably be accompanied 
by a decrease of the frequency factor. Arguments of this kind were 
advanced by Magee, Shand and Eyring 17 to explain the different activa¬ 
tion energies of cis-trans isomerisation reactions of ethylene derivatives. 
(Assuming, say, a singlet-triplet separation of ~ 40 kcal., and the cal¬ 
culated level to lie half-way, a more reasonable value for the heat of 
activation of stilbene isomerisation would be obtained.) The failure of 
the calculation for the “ double "-bond case may also be connected with 
the possibility that the shortcomings of our procedure, pointed out in the 
first paragraph of this section, have graver consequences here than in the 
“ single "-bond case. 

An examination of bond orders and values of W will, therefore, lead 
to too low an estimate for the energy barrier of " double "-bond rotation. 
More quantitative experimental work on cis-trans isomerisations of long- 

u Branch and Calvin, The Theory of Organic Chemistry (New York, 1941), 
P- 340 . 

I6 Westheimer and Mayer, J. Chem. Physics, 1946, 14, 733. Westheimer, 
ibid., 1947, 15, 252. 

14 Kistiakmvsky and Smith, J. Atner. Chem. Soc., 1934, 56, 638. 

17 Magee, Shand and Eyring, ibid., 1941, 63, 677. 
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Chain polyenes would greatly help our understanding of the problem. 
The existing data in this field 18 may also be tentatively interpreted as 
indicating a larger difference in stiffness to rotation between “ single " 
and " double "-bonds than is predicted by the over-simplified theory. 

As a purely theoretical problem it is of interest to consider whether 
the bonds in the middle of an infinitely long polyene chain could still be 
reasonably distinguished as “ single " and “ double." From the point 
of view of bond order (and therefore bond length and stretching-force 
constant) the bonds will be identical. From the point of view of stiffness 
to rotation they will differ owing to the singlet-triplet splitting. If, 
however, in the infinitely long chain these levels become indistinguishable 
this difference will again disappear. 

IV. Addition to ’‘Unsaturation” Bonds 

Ease of addition reactions is often taken as a measure of double-bond 
character so that the question arises, whether this reactivity is in any 
way to be related to bond orders or W. 

The present approach to this problem is again an empirical one. 
Addition to an unsaturation bond involves a change in the *r-electron 
energy (and this change will be termed Y), a change of hybridisation at 
the carbon atoms on the seat of addition and formation of the links be¬ 
tween these C atoms and the added groups. If we can now make the 
assumption that these two latter processes are energetically identical 
for a series of unsaturated bonds, it should be possible to predict from a 
knowledge of Y (which will be calculated by the molecular-orbital method), 
the relative stabilities of addition products to different bonds, i.e., the 
nature of the addition products when these are in thermodynamic 
equilibrium with one another. The smaller Y is numerically, the greater 
will be the stability of that addition product.* The last column of Table II 
gives values of Y calculated in this manner. If we now plot Y against 
W (Fig. i) it becomes apparent that some measure of correlation does 
exist. 21 As W has been shown to be roughly related to B.O., this result 
may be stated in the form that—very approximately—the higher the 
bond order of a linkage in a conjugated hydrocarbon the greater will 
be its (exothermic) heat of hydrogenation or its tendency to break and 
suffer addition across it, as measured by the equilibrium constant of the 
reaction. At first sight this statement may appear paradoxical, as it 
implies that a " tighter " link (as measured by the stretching force constant) 
will be less stable thermodynamically. The general scatter of the points 
clearly indicates, however, that this is only a broad statistical general¬ 
isation and that, even without considering factors other than resonance 
energies, this rule has many individual exceptions. It is noteworthy 
that only points for molecules for which " starring " is impossible and 
for which the Hiickel method is no longer self-consistent 82 fall completely 
off the curve. 

The calculation of Y predicts correctly the nature of the dihydro¬ 
derivatives of naphthalene and phenanthrene. For anthracene the 
prediction is slightly in error, as it leads one to expect the i : 2 dihydro¬ 
derivative to be slightly more stable than the w^so-compound actually 

18 Zechmeister, Chem. Rev., 1944, 34 * 267. 

. 18 Pauling and Sherman, J. Chem. Physics, 1933, I, 679. 

20 Syrkin and Diatkina, Acta. Physicochim., 1941, 14, 105. 

81 Cf. Waters, J. Chem. Soc., 1948, 730. 

28 Coulson and Rushbrooke, Proc. Camb. Phil. Soc., 1940, 36, 193. 

* A treatment of hydrogenation of some benzenoid hydrocarbons on these 
lines has also been given by Pauling and Sherman, 12 using the valence-bond 
method, and recently by Syrkin and Diatkina, 80 using Htickel's molecular-orbital 
method. 1 : 4 addition to conjugated systems can in principle also be considered 
in this manner. 



V. GOLD 


199 

obtained. There are many possible causes of this, e.g. (a) the possibility 
that the 1 : 2 compound is not isolated because the 9:10 addition pro¬ 
ceeds more rapidly by a different mechanism and thermodynamic equili¬ 
brium between the forms is not attained, or (b) the existence of ring-strain 
in the 1 : 2 dihydronaphthalene which can only be relieved if the 3 : 4 
double-bond is bent out of the plane of the naphthalene ring, thus de¬ 
creasing the resonance energy. Argument (b) is probably of importance 
in some of the other examples, but there the difference in resonance energy 
between different products is large enough for this smaller term not to 
make such a decisive difference to the result. However, such refinements 
are beyond our scope at present. 

A prediction of the reactivity of unsaturation bonds as measured by 
the velocity of addition reactions cannot be made without adequate 
consideration of the mechanism of the reaction. Consideration of the 
stability and velocity of formation of addition products are of importance 
to the theory of carcinogenic activity of compounds containing a phen- 
anthrene skeleton. It has been pointed out that there may be a relation 
between activity and bond order, 28 but this is probably only an indirect 
consequence of the fact, pointed out above, that bond orders are empirically 
connected to energy parameters, such as W and Y, and perhaps also to 
the activation energy for an addition reaction between the carcinogenic K 
region of the hydrocarbon and tissue (or an oxidation 24 ), so that the bond 
order-activity relation may in future be given a more logical interpretation 
in terms of the stability or velocity of formation of some addition com¬ 
pound inducing cancerous growth. 

The author wishes to thank Prof. C. A. Coulson and Dr. D. W. G. 
Style for valuable comments, and Prof. Coulson also for permission to 
use some of his unpublished calculations of bond orders. 

Department of Chemistry, 

King's College, 

London, W.C. 2. 

28 Pullmann, Ann. Chim., [12], 1947, 5 * 

24 Anderson, Nature, 1947, 160, 893. 


THE REDUCTION OF NITROCOMPOUNDS AT 
THE DROPPING-MERCURY CATHODE 

PART III—THE NITRORESORCINOLS* 


By J. Pearson 
Received 20th September, 1948 


The reduction at the dropping-mercury cathode of the nitroresorcinols is 
simpler than that of the nitrobenzenes and nitrophenols ; reduction is complete 
in one stage to the amines at all hydrogen ion concentrations. Reduction pro¬ 
ceeds through the intermediary of cathodically-deposited hydrogen atoms, 
and the presence of two hydroxyl groups appears to prevent the formation of 
phenyl-ammonium ions. In the compounds studied, hydrogen bonding counter¬ 
acts any stabilising effect of the extra hydroxyl group on the nitrogroups, as 
compared with the nitrophenols. 

♦ This communication forms part of a thesis submitted in January, 1946, 
to the University of London in partial fulfilment of the requirements for the 
Degree of Ph.D. 
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The reduction at the dropping-mercury cathode of nitrophenols is 
more complex than that of the nitrobenzenes and nitrotoluenes. 1 * 1 The 
nitroresorcinols contain two hydroxyl groups and the investigation has 
been extended to these compounds to ascertain whether the complexity 
would increase. 


Experimental 

The technique and apparatus employed was that previously described, 1 * ■ 
except that measurements were made in media of pH 2*o, 4*0, 6*o, 8*0, 9*2 and 
IO’O. The concentration range studied was o*i-i*o millimolar. Typical polaro- 
graphic records, taken at pH 2*0, are depicted in Fig. 1 ; the concentrations, 
in millimoles per litre, are indicated. 



Results 

At all hydrogen ion concentrations, 2-nitroresorcinol gave rise to a single 
polarographic wave. The value of the diffusion-current constant (K—i d /C.m. 2 ^t 1 l B ) 
varied between 9*9 and 10*2. The number of electrons involved in the reduction 
must therefore have been six (n = K/i-y ). 1 

In media of pH higher than 4-0, 2 : 4-dinitroresorcinol produced doublet 
waves, their separation increasing with pH. The components were of equal 
height and the if-values for the final limiting currents were approximately 20*0. 
The reduction therefore proceeded in two 6-electron stages. At pH 2*0 and 
4-0, the two components merged to a single wave, similar to that of m-dinitro- 
benzene. 1 The waves were not well defined in akaline media, so that half-wave 
potentials are not given with any certainty. 

4 : 6-Dinitroresorcinol behaves in a manner similar to that of the 2 : 4-isomer, 
except that, even at pH 2’0, it exhibited separate component waves. The dif¬ 
fusion-current constants of these were approximately 10*2 and 20*4. 

Styphnic acid (2:4: 6-trinitroresorcinol) exhibited waves almost identical 
in shape to those of picric acid. 2 At pH 2*o and 4*0 the single waves had K- 
values of 29*3. Doublet waves were recorded at pH 6*o and 8-o (If-values approx. 
20*0 and 29*3). At lower hydrogen ion concentration, three components were 
visible, the third wave having a large “ spread ” and, therefore, not very definite. 
The respective diffusion-current constants were io*x, 20*3 and 29-1. The re¬ 
duction proceeded in three stages, involving apparently 6, 12 and 17 electrons. 
The first two stages were probably reductions of nitro- to amino-groups whilst, 
by analogy with Linganc's result for picric acid, 3 the final product was possibly 
di-(dihydroxydiaminophenyl)-hydrazine. 

1 Pearson, Trans . Faraday Soc., Part I, 1948, 44, 683. 

2 Pearson, ibid.. Part II, 1948, 44, 692. 

3 Lingane, J. Amer. Chem. Soc., 1945, 67, 1916. 
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The half-wave potentials and n-values are given in Table I. Where a single 
wave represented a 12- or a 17-electron reduction, half-wave potentials have 
been estimated for the two or three components. In all instances, half-wave 
potentials were independent of, and diffusion-currents were proportional to, 
concentrations. 

TABLE I 


PH 

wgm 


6-o 

8*o 

l 

9*2 

10*0 

Constant 

e * 

n 

B 

B 

** 

n 

E t 

f! 

E i 

» 

E i 

n 

2-Nitroresorcinol 

— 0*21 

6 


I 

— 0*41 

6 

-0-50 

6 

~o-6i 

6 

1 

— 0*72 

6 

2 : 4-Dinitro- 

— 0*14 

6 

1 

— 0-21 

6 

-0*30 

6 

-o -55 

6 

-o-86 

6 

(-0-97) 

6 

resorcinol 

— 0-26 

12 

-o -35 

12 

-0-50 

12 

— o-8o 

12 

—1*14 1 

12 

(-1-20) 

12 

4 : 6-Din itro- 

— 0*09 

6 

—0*19 

6 

— 0*28 

6 

—0*40 

6 

—063 

6 

(- 0 - 73 ) 

6 

resorcinol 

—0*27 

12 

—0-40 

12 

-0-52 

12 

-074 

12 

-o -95 

12 

(-1-04) 

12 

Styphnic acid 

—0*07 

6 

-0*15 

6 

-0-25 

6 

-0*38 

6 

(- 0 - 57 ) 

6 

(-070) 

6 


— 0*12 

12 

— 0*24 

12 

-0-38 

12 

— o*6o 

12 

(-0-89) 

12 

1 - 1 - 05 ) 

12 


—023 

17 

— 0*48 

17 

~o -55 

17 

—0*82 

17 

( — 1*17) 

17 

(-1-30) 

17 


The values of (corrected for iR drop) are in volts against a saturated calomel 
electrode, and those of n are the total number of electrons involved in the re¬ 
duction causing the diffusion current. The values in parenthesis are somewhat 
uncertain because of lack of definition of the waves. 

Discussion 

Contrary to expectation, the introduction of two hydroxyl groups 
into a polynitrobenzene molecule resulted in simplification of the reduc¬ 
tion processes as compared with those of the nitro-benzenes, -toluenes 
and -phenols. The nitrogroups were reduced without exception, at all 
pH’s, in single stages. Astle and Stephenson 4 have made the same ob¬ 
servation with 2- and 4-nitroresorcinols. This uniformity of behaviour 
seems to imply that there was no change in the nature of the initial 
materials or their reduction products as pH was increased. 


TABLE II 



V ipH unit 

2-Nitroresorcinol ..... 

0051 

2 : 4-Dinitroresorcinol (first wave) 

0037 

(second wave) . 

0*049 

4 : 6-Dinit roresorcinol (first wave) . . J 

0-047 

(second wave) . 

0-067 

Styphnic acid (first wave) .... 

0038 

(second wave) 

0*055 

(third wave) 

0-069 


The relationship between half-wave potential and pH was linear up 
to about pH 9 for 2-nitroresorcinol, up to about pH 6 for the dinitro- 
resorcinols, and up to just less than pH 6 for styphnic acid. Beyond 
these values, the reduction potential increased more rapidly with rise 
of pH, as has also been found for the mononitroresorcinols by Astle and 

4 Astle and Stephenson, J. Amer. Chem. Soc., 1943, 65, 2399. 














202 THE REDUCTION OF NITROCOMPOUNDS 

Stephenson. 4 This increased effect is attributed to salt formation, the 
difference in the point at which the increase starts being presumably 
connected with the acid strength of the compounds. Since there was no 
break in the £*-pH relationships nor a change in reduction process at 
about pH 3-5, as with the nitrobenzenes, 1 it must be assumed that the 
presence of the two hydroxyl groups prevented formation of phenyl- 
ammonium ions. The slope of the E|-pH lines, up to the pH*s men¬ 
tioned above, are given in Table II. Here also, as with the nitro-benzenes 
and -toluenes, the value of E\ — E\ increased with pH. 

The individual waves produced by the reduction of the various nitro- 
groups of the nitroresorcinols were almost identical in shape with those 
produced by the nitro-benzenes, -toluenes, and -phenols. It follows 
that the slope of the plots of cathode potential against log [i/(i d — i)] 
will be similarly identical. Some typical values, for reduction in a medium 
of pH 2-o, are given in Table III, with the slopes to be expected if the 
reductions were reversible, i.e. 0*0591 jn. 


TABLE III 


Compound 

n 

Slope 

Expected Slope 

2-Nitroresorcinol ..... 

6 

0*080 

0*010 

4 : 6-Dinitroresorcinol (first wave) 

6 

0055 

0*010 

(second wave) . 

6 

0*058 

0*010 

Styphnic acid (first part of composite wave) 

12 

0*055 

0005 


It is seen that the values of the slopes are similar to those reported 
for the nitrocompounds in Parts I and II of this series. In fact, three 
of them are remarkably close to the 0*059 predicted from the theoretical 
considerations in Part I, 1 and give added confirmation to the conclusion 
that the reduction proceeded via the intermediary of cathodically- 
deposited hydrogen atoms. 

The introduction of a hydroxyl group into nitrobenzene molecules 
leads to more negative reduction potentials, i.e. the -f-T electron-donating 
influence of this group stabilises the nitrogroups and makes them less 
susceptible of reduction, unless hydrogen bonding intervenes. 2 Since 
the nitrogroups in the nitroresorcinols were reduced completely in one 
stage at all pH’s it is perhaps not legitimate to compare their half-wave 
potentials with those of the nitro-benzenes and -toluenes. Nevertheless, 
certain half-wave potentials, at pH 2*0 in V against a saturated calomel 
electrode, have been set out in Table IV. 


TABLE IV 


Compound 

Volt 

Compound 

Volt 

Compound 

Volt 

Nitrobenzene 

—0*27 

o-Nitrophenol 

m-Nitrophenol 

/>-Nitrophenol 

—0*23 
— 0*25 
-o *35 

2-N itroresorcinol 

— 0*21 

o-Dinitrobenzene 

— Oil 

-0*30 

2 : 4-Dinitro- 
phenol 

2 : 6-Dinitro- 
phenol 

—0*14 
—0*32 
-0*09 j 
—-0*24 

2 : 4-Dinitro- 
resorcinol 

4:6-Dinitro- 
resorcinol 

-OI4 
— 0*26 
—0*09 
—0*27 

1:3: 5-Trinitro- 
benzene 

—0*06 
-0*13 
— 0*21 

Picric acid 

(-0-11) 

(-0-19) 

(-0-37) 

Styphnic acid 

—0*07 
— 0*12 
— 0*23 
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Prom Table IV it will be seen that any stabilising influence of the 
extra hydroxyl group was strongly countered, probably by hydrogen 
bonding between the nitro- and hydroxyl groups. Thus the reduction 
potentials of 2-nitro-, 2 : 4- and 4 : 6-dinitroresorcinols were almost identical 
with those of the nitro- and dinitro-phenols, respectively. Styphnic 
acid was even more readily reduced than picric acid, the E\ values being 
essentially the same as those of trinitrobenzene. It is unfortunate that 
a sample of 5-nitroresorcinol was not available for examination, for in 
that compound hydrogen bonding is not possible and the true effect of 
the additional hydroxyl group might have been found. 

Acknowledgement is made to the Chief Scientist, Ministry of Supply, 
for permission to publish this work, which was carried out in a branch, 
formerly of the Armament Research Department, but now of the Ex¬ 
plosives Research and Development Establishment. 

British Iron and Steel Research Association, 

Sketty Hall, 

Swansea . 


THE EFFECT OF PRESSURE ON THE 
VOLUME, THERMODYNAMIC PROPERTIES AND 
CRYSTALLINITY OF POLYTHENE 


By W. Parks and R. B. Richards 
Received 27 th September , 1948 

The compressibility of polythene has been measured at 25-160° C and at 
pressures up to 2000 atm. by an adaptation of the method described by T. W. 
Richards. The compressibility decreases as pressure increases except in the 
case of the compression of initially liquid polythene to a point at which crystal¬ 
lisation begins ; in this case the solidification is accompanied by an increase 
in compressibility. 

The compressibility at 1-100 atm., which rises to a maximum as the melting 
point is approached, is comparable with that of a liquid or of rubber, rather 
than that of a crystalline solid. The melting point is raised by pressure at a 
rate of about 0*02° C atm.- 1 . From the P-V-T data and specific heat data 
previously determined the effect of pressure and temperature on the entropy, 
heat content and internal energy of polythene has been calculated. From the 
internal energy changes the effect of pressure on the proportion of crystalline 
material is estimated. The rise in temperature on adiabatic compression of 
polythene or on free expansion as in extrusion can be read from the entropy or 
heat content charts. 


Measurements of the effect of temperature on the volume and the heat 
content of polythene have been published ; l * * the results indicated 
that as temperature is increased there is a continuous rise in the pro¬ 
portion of amorphous matter in the solid state, the last traces of crystalline 
matter disappearing at the temperature commonly referred to as the 
melting point (no-115 0 C for normal samples). Examination by X-ray 
methods give qualitative support to this view. 8 On cooling, the reverse 

1 Hunter and Oakes, Trans. Faraday Soc., 1945, 41, 49. 

* Raine, Richards and Ryder, ibid., 1945, 41, 56. 

8 Bunn and Alcock, ibid., 1945, 41, 317. 
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processes occur with relatively little hysteresis. Statistical thermo¬ 
dynamical theories have been put forward in which the crystalline- 
amorphous complex is regarded as being in an equilibrium state at each 
temperature and equations are set up to represent the amorphous content 
as a function of temperature. 4 * * 8 

Measurement of the compressibility and of the effect of pressure on 
the thermodynamic properties of polythene has been undertaken because 
it was expected that abnormal results would be obtained as a result of 
the composite crystalline-amorphous structure of the polymer. Hydro¬ 
carbons, both in the solid and liquid state, have high compressibilities. 
In the case of polythene as pressure is increased it is to be expected that 
the equilibrium between crystalline and amorphous matter will be dis¬ 
placed with ail increase in the proportion of the more dense crystalline 
phase, leading to an extra volume decrease and an abnormally high 
compressibility. Wood, Bekkedahl and Gibson 6 have shown that the 
melting point of partially crystalline rubber is increased by pressure, 
and the polythene compressibility measurements have been extended to 
temperatures above the normal melting point to cover the phenomenon 
of solidification under pressure. The range covered is 25-160° C at 
pressures up to 2000 atm. 


Experimental 

The sample of polymer used in this work was similar to that used by Raine, 
Richards and Ryder 8 for specific heat measurements. The apparatus used 
for the compressibility measurements was a stainless steel adaptation of the 
glass piezometer used by T. W. Richards and his co-workers. 7 

The polythene surrounded by mercury is contained in the vessel A (Fig. 1) 
which is sealed at the bottom by a flat plate B secured by the nut C. Screwed 
to the top of the vessel is a steel tube D inside which is a glass insulating tube E, 
shaped at the bottom to join on to the constriction at the entrance to the vessel. 
The metal contact F, which is in the form of four stainless steel vanes terminating 
in a thin platinum wire, rests in the bottom of the glass tube with the wire 
projecting into the constriction in the vessel. The contact is located by the 
spring G which is compressed by the screw on the cap H through an insulating 
glass bush J. A glass funnel L enters the tube through a Neoprene stopper K 
in the cap and reaches to within 1 cm. of the top of the contact. The outside 
of the funnel is coated with platinum and is joined by a thin copper wire to the 
spring which, therefore, completes the electrical connection between the platin¬ 
ised funnel and the platinum wire contact below. 

The polythene used is in the form of a cylinder (of volume about 12 cm. 3 
at the lower temperatures), and is put into the vessel through the base. The 
remaining space in the vessel is filled with mercury and the bottom joint is 
made. The metal tube D is then fixed and the air is extracted from the vessel 
by a high-vacuum pump. The vessel and contents are now brought to the 
required temperature, and the mercury level is adjusted so that it is just at the 
top of the constriction. The rest of the apparatus is then assembled, the glass 
tube being filled with water at 25° C and 75 0 C and with glycerine at higher 
temperatures. The piezometer, when filled, is put into a pressure vessel of 
capacity 300 ml. which has about 20 ml. of mercury in the bottom, the remaining 
space being filled with oil. The water or glycerine in the glass tube in the piezo¬ 
meter prevents the mercury surface from being contaminated by the oil. The 
electrical connection from the contact is brought out of the pressure vessel 
through a glass insulated cone 8 which is connected by thin copper wire to the 
platinum on the outside of the glass funnel. The electrical circuit is completed 
through the mercury and the wall of the pressure vessel by a milliammeter, 
a 2-volt cell and a resistance, so that when the mercury in the piezometer is 
touching the platinum contact a small current is recorded. The pressure vessel 
is immersed in an oil thermostat. Pressure is applied by a Cailletet press and 
is gradually raised until the mercury is forced away from the contact, breaking 

4 Frith and Tuckett, Trans. Faraday Soc., 1944, 40, 251. 

3 Richards, ibid., 1945, 41, 127. 

• Wood, Bekkedahl and Gibson, J. Chem. Physics , 1945, I3 f 475. 

7 Richards, J. Amer. Chem. Soc., 1912, 34, 975. 

8 Welbergen, J. Sci. Inslr., 1933, 10, 247. 
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the electrical circuit. The pressure is then slowly released until contact is just 
remade. This is repeated until a steady pressure reading is obtained indicating 
that the heat of compression has been dissipated. Three Bourdon tube pressure 
gauges, of ranges 0-250 atm., 0-1000 atm. and 0-3000 atm. which had been checked 
against a pressure balance, 9 were used to measure the pressures. The pressure 
difference between the make and break of the contact was very small. At the 
lower pressures it was less than 1 atm. and was never greater than 5 atm, which 
is the limit of sensitivity of the gauges used at the higher pressures. 

When the first point lias been established the pressure is released, a further 
weighed quantity of mercury is introduced into the piezometer, and the pressure 
at which the contact is broken is again determined as above. This is repeated 
as often as necessary until a pressure of 2000 atm. is reached. In order to put 
the mercury into the piezometer without it coming into contact with oil and 
without breaking the main pressure joint, a glass tube, filled with water or 
glycerine, is passed through a plug hole in the top of the vessel, through the oil, 
and under the water or glycerine in the piezometer. The mercury can then be 
poured down this tube without danger of contamination. The volume change 
between atmospheric pressure and the lowest pressure at which the contact is 
broken is obtained by extrapolation and consequently it is most desirable to 
have this first point near to atmospheric pressure. This in practice is not 
difficult. 

Experiments were carried out at two different temperatures with mercury 
only in the piezometer, and from these, knowing the compressibility of mercury 
the change in volume of the vessel can be found. Bridgman's figures for the 
compressibility of mercury 10 were extrapolated as a linear function to these 
higher temperatures. The total volume change of the mercury is small com¬ 
pared with that of the polythene, and there can be no appreciable error as a 
result of this extrapolation. 

Owing to the limited diameter of the pressure vessel it was not possible to 
design the piezometer with the mercury exit in the shape of a U-tube leaving 
the bottom of the vessel. As a result, at those temperatures where the polythene 
w^as very plastic or fluid, precautions had to be taken to prevent the upthrust 
of the mercury forcing the polythene through the constriction and out of the 
vessel. At 95° C and 105° C this was achieved by enclosing the polythene, 
surrounded by mercury, in a thin rubber bag. At higher temperatures the poly¬ 
thene was held under a single-ended inverted cylinder of thin stainless steel. 
In this case it was necessary to reduce the amount of polythene in order that 
the cylinder could be of such a size that there was a clearance between it and the 
walls"of the vessel of at least 2 mm. This was to allow a free passage of mercury 
and prevent the trapping of air during the evacuation. 

Results 

Pressure-Volume-Temperature Relation for Polythene. —The effect 
of pressure on the volume of 1 g. of polythene at 25, 75, 95, 105, no, 120, 140 
and 1O0 0 C is shown in Fig. 2. The points for 1 atm. are based on thermal ex¬ 
pansion measurements carried out on this sample of polythene by Miss J. 
Phillipson using the method described by Hunter and Oakes. 1 

The main features of the P - V-T chart are the pronounced curvature in 
the pressure-volume lines, the increase in compressibility as the temperature 
approaches the melting point and the breaks in the volume pressure curves for 
temperatures above the melting point at 1 atm. (m° C) at the pressures at which 
the sample solidifies. During the experimental work it was noted that close 
to these break points equilibration was rather slow, a consequence possibly 
both of time factors in crystallisation and of the relatively large temperature 
changes which, as will be shown later, occur in the neighbourhood of the melting 
point during adiabatic compression or expansion. 

1 dF 

The compressibility * 885 y x jp for 1-100 atm. is plotted in Fig. 3 as a 

function of temperature. Figures for molten paraffin wax 11 are shown for com¬ 
parison ; the compressibility of this material is greater than that of molten 
polythene but varies with temperature in a similar manner. A point is also 
given for the hypothetical value of the compressibility at 23 0 C of a paraffin 
containing about 1000 carbon atoms obtained by an extrapolation of the linear 
plot of the compressibilities of liquid paraffins from hexane to hexadecane 11 

•Michels, Ann. Physik, 1923, 72, 285. 

10 Ini . Crit . Tables , 3, 47. 11 Ibid., 2, 146. 


11 Ibid., 3, 37. 
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Fig. i.—A pparatus 
for compressibility 
measurements. 


Pressure (atm.) 

Fig. 2.—Volume (ml.) of i g. polythene at 
25-160° C, as a function of pressure, in atm. 



Fig. 3.—Compressibility of polythene as function of temperature. 
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against the reciprocals of the number of carbon atoms in the chain. This 
point is in reasonable accord with an extrapolation to 23° C of the compressi¬ 
bilities of liquid polythene, and lies appreciably below the line for solid polythene. 

No direct measurements of the compressibility of crystalline paraffins appear 
to have been carried out, but Mtillcr “ has measured the effect of pressure on 
the X-ray spacings of solid paraffins and his results for C lt H f0 indicate a volume 
compressibility about one-tenth of the value for polythene at ordinary 
temperatures. 

Some compressibility figures for other materials are shown in Table I for 
comparison with the data for polythene. Polythene is one of the most com¬ 
pressible solids for which data are available and is more compressible than water. 

TABLE I.— Compressibilities of Polythene and of Liquids and Solids 
(1-100 atm., Ordinary Temperatures) 


Substance (and reference). 

Compressibility atm.- 1 
x 10* 

Polythene .... 

5*5 

Pentane 11 .... 

19 

Hexadecane 13 . 

7*6 

Benzene 13 . 

9*7 

Rubber (unvulcanised) 14 

5*5 

Water 13 . 

4*3 

Mercury 10 .... 

o *4 

Iron 10 .... 

0*06 

Sodium chloride 10 

o *4 


The data for polythene are also shown in the form of volume-temperature 
curves at a series of pressures in Fig. 4 based on the data given in Fig. 2 but 



Fig. 4. —Volume of 1 g. polythene at 500, 1000, 1500 and 2000 atm. 
smoothed to give a self-consistent family of curves. This demonstrates clearly 
the shift to higher temperatures of the melting point and of the temperature zone 
during which the proportion of amorphous material is increasing rapidly. 

13 Mttller, Proc. Roy. Soc. A , 1941, 178, 227. 

11 Wood, Proc. Rubber Tech. Conf. (London, 1938), p. 933. 
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The Effect of Pressure on Thermodynamic Properties.— From the 
p-V-T data and previously-determined heat capacity measurements at ordin¬ 
ary pressures for a similar sample of polythene the changes with pressure and 
temperature of the entropy (S) total heat content (H) and internal energy (E) 
of i g of polythene have been calculated. The stages in the calculations are 


as follows— , . , , 0 ^ , 

i Calculation of the entropy-temperature curve for 10-160 0 C at 1 atm. 
from the available heat content-temperature data,* with an extrapolation down 
to o° C. A graphical method is used in the summation of 




S Tl + 


II 


£jl 

T 


dr 


and values of the entropy 5 are obtained, taking the value at o° C as zero. 

2. Calculation of the changes in entropy with pressures at various constant 
temperatures. 

Since 


then 


AS 


LarJr 
Pl ds = 


= r 

jpi 


_ r 

-dF-1 

L 


c p * 

pH 

Jp. 

LdrJ. 


dP. 


For each temperature the values of the slopes of the F-T curves at 1, 250. 
500, 750, 1000, 1500, 2000 atm. obtained from Fig. 2 were plotted against 
the pressure and the values of AS were calculated graphically. From these values 
and the values of S for 1 atm. at various temperatures obtained in (1) above, 
a chart of S as a function of T for various pressures was constructed. The 
curves for 1, 500, 1000, and 2000 atm. are given in Fig. 5. 



Fig. 5 and 6.—Entropy-temperature and heat content-temperature curves for 
1 g. polythene at 1, 500, 1000, 2000 atm. 
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The heat-content temperature curve for 1 atm. is taken from the work of 
Raine, Richards and Ryder a with extrapolation to o° C, putting H ~ o at 
o° C. The effect of pressure on heat content at constant temperature is given by 

This is evaluated partly from a plot of V against P and partly from the change 
in entropy with pressure as in (2) above. From these values of A H and the 
data, at 1 atm. heat content-temperature curves for various pressures are cal¬ 
culated. Curves for 1, 500, 1000, and 2000 atm. are given in Fig. 6. 

Internal energy values are calculated from the above heat content values 
using the relation 

E = H — PV. 

They are plotted in Fig. 7 as E-P curves at a series of temperatures, as it will 
be convenient to use the data in this form in a discussion of the effect of pressure 
on the crystalline-amorphous equilibrium. 



Fig. 7.—Effect of pressure on the internal energy of 1 g. polythene at 0-160° C. 

Discussion 

(a) The Effect of Pressure on the Melting Point.—The temperature 
of the break in the V-T curve corresponding to the temperature 
above which the polymer is completely amorphous (the melting point) 
rises as pressure increases at the rate of about 0*02° C atm.- 1 . A direct 
measurement of the effect of pressure on the melting point was made by 
observing the pressure at which a polythene film, supported in a pressure 
vessel with glass windows, became opaque at a temperature above the 
melting point. A figure of about 750 atm. at 130° C was obtained, com¬ 
pared with 800 atm. by interpolation from the break-points of the P-T 
curves. 

Wood, Bekkedahl and Gibson • have measured the effect of pressure 
on the melting point of frozen (“ stark ") rubber; the figure at low pres¬ 
sures is about 0*037° C atm.- 1 . 

For a single-component system, the effect of pressure P on the melting 
point T F is given by 

dT F T f x AF 
dP ~ L 9 
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where AV and L are the volume change on melting and latent heat of 
fusion. In the case of polythene it is difficult to apply this formula 
because melting occurs over a temperature range ; using the V-T and 
H-T curves for polythene, we can, however, make crude estimates of 
the volume and heat content which solid polythene would have at its 
melting point if no increase 1 in amorphous content occurred over the 
range 20-111° C. We have* then T F = 384, AV = ca. 0*08 ml. and 
L — ca. 170 joules/g. — ca. 1600 ml.-atm. dT F /dP is hence 0*019° C 
atm.” 1 , in good agreement with the experimental value. Gee u has 
shown similar agreement between observed and calculated values for 
rubber and points out that despite the complexities of the melting process 
in a polymer the overall process can be treated thermodynamically as a 
simple phase change, i.e. as if it were a transition in a one-component 
two-phase system. 

(b) The Effect of Pressure on the Degree of Crystallinity.—It 

has been pointed out above that the high compressibility of solid poly¬ 
thene can be attributed to an increase in the proportion of the more dense 
crystalline material under pressure. It is of interest to attempt to cal¬ 
culate quantitatively the extent of this crystallisation under pressure. 
This could be done if the separate compressibilities of the crystalline and 
the amorphous regions were known and if it could be assumed that these 
compressibilities were unaffected by changes in the proportions of crystal¬ 
line material. Changes with pressure of the X-ray spacings have been 
measured for solid paraffins by Muller ; 18 using his data on C 29 H fl0 and 
an extrapolation from the data for liquid polythene (guided by the liquid 
paraffin data as in Fig. 3) for the separate compressibilities of the crystalline 
and amorphous regions in the polythene, it can be shown that an increase 
in pressure from 1 to 100 atm. would increase the proportion of crystalline 
material by about 1 % ; the increase of crystallinity falls off as the 
pressure increases further. 

An alternative method of estimating the change in crystallinity with 
pressure is based on calculations of the change in internal energy E. This 
method is most useful at temperatures near the melting point where the 
proportion of crystalline material is relatively small. It is seen from 
Fig. 7 that the effect of pressure on E in the liquid state is relatively small, 
but that when solidification occurs there is a more rapid decrease in 
internal energy. A value can be calculated for AE, the difference between 
the internal energy of the partly crystalline solid and the extrapolated 
value for the internal energy if the sample were amorphous at the same 
temperature. The difference in internal energy between an entirely 
crystalline and an entirely amorphous long chain paraffin (AE') at 1 atm. 
and 25° C is 2 about 236 joules/g. and to a first approximation this may 
be regarded as constant when pressure or temperature is increased. If 
we assume that the internal energy of a crystalline-amorphous complex 
varies linearly with the proportion of crystalline material, then AE' 
is equal to the proportion of crystalline material. The effect of pressure 
on crystallinity at temperatures in the range 100-160° C, calculated as 
above, is shown in Fig. 8. To use this method with any confidence at 
lower temperatures, account would have to be taken of the effect of pres¬ 
sure and temperature on the internal energy difference between entirely 
crystalline and entirely amorphous paraffins. It can be shown that the 
values for AE' of 236 joules/g. would be too great at the higher pressures, 
but the values cannot be assessed reliably. At ordinary temperatures 
AE is of the order of 190 joules/g. and varies little with temperature, and 
the value for the degree of crystallinity then becomes sensitive to the 
value of AE'. 

The large increases in the degree of crystallinity at temperatures around 
no 0 C when pressure is applied are very striking. 

16 Gee, Quart . Rev., 1947, I, 265. 
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Fig. 8 .—Effect of pressure on degree of crystallinity near the melting point 

(approximate). 

(c) Temperature Changes on Adiabatic Compression and on Free 
Expansion. —-From the entropy and heat-content charts it is possible 
to read off the temperature changes when polythene is compressed or 
allowed to expand. Compression of polythene, if no heat is lost during 
the compression and if the polythene is at all stages in equilibrium with 
the pressure (i.e. if crystallisation occurs rapidly enough), is a process of 
constant entropy. From Fig. 5 we secs that isentropic compression from 
1 to 2000 atm. would cause a rise in temperature from 20° C to 35 0 C, 
i.e. from 100 to 128° C or from the melting point (iii° C) to 148° C and 
of the liquid from 140 to 163° C. On the other hand it is seen that despite 
these temperature rises it is never possible to melt polythene by adiabatic 
compression, because the entropy at the melting point rises as pressure 
rises. If the above approximate calculations of the proportion of crystal¬ 
line material at various pressures and temperatures are combined with 
the entropy data, it can be shown that the effect of adiabatic compression 
on polythene, over most of the range of pressures and temperatures covered 
by this work, is to increase the proportion of crystalline material in spite 
of the temperature rise. 

Continuous expansion of molten polythene at an extrusion nozzle or 
spinneret approximates to a constant heat-content process, and the changes 
in temperature can be read from Fig. 0. 

The very large temperature rise 011 expansion of the solid at constant 
heat content is of interest. Expansion from 2000 atm. would cause a 
temperature rise from 20 to 8o° C and expansion from about 5000-6000 
atm. at ordinary temperatures would melt the polythene. It is, however, 
difficult to see how such an expansion could be carried out in practice. 

The authors wish to acknowledge the advice given during the course 
of this work by Mr. G. Feachem and Mr. E. Hunter. The piezometer 
was made by Mr. P. van Ulden, Mr. H. J. Wclbergen and Mr. J. Williamson. 

Imperial Chemical Industries Research Department , 

Alkali Division, Northwich . 




THE IGNITION OF CORDITE BY HOT GASES 


By R. C. Brian and C. A. McDowell 
Received 29th September , 1948 

Hot air at known temperatures, from 16 0 C to 400° C, and at various known 
velocities was blown on specimens of cordite and the induction period for the 
ignition recorded. It was found that a plot of log t (induction period in seconds) 
against io 3 /T was approximately linear over the region investigated. The aver¬ 
age values of A and E for h.s.c. cordite found were 1*59 X io~ 6 sec. -1 , and 17,000 
cal./mole -1 respectively; the corresponding values for s.c. cordite being 
3-98 x io” 6 sec. -1 and 14,000 cal./mole” 1 . 


There have been many experimental studies of the rate of burning 
of cordites 2 but little investigation of the kinetics of the ignition of 
this type of propellant. It is well known that the ignition of cordite at 
high temperatures is a very rapid process, and the experimental in¬ 
vestigation of this phenomenon is beset with difficulties. Cordite can, 
however, be ignited at temperatures above 200° C by hot non-incandescent 
gases, and the ignition process under these conditions is characterised by 
an induction period of the order of seconds. 

Experimental 

Laboratory air was pumped through an electrically-heated furnace ; the 
rate of flow being measured by means of a calibrated glass flow-meter. The 
temperature of the hot air emerging from the furnace was measured with a 
calibrated Alumel-Chromel thermocouple. 

The cordite specimen was attached by thermally insulated clips to a brass 
disc, the surface of which was covered by J-in. thick asbestos sheeting to insulate 
it thermally from the cordite. The disc w r as so arranged that it could be rotated 
in a plane at right-angles to the direction of the air stream and at a fixed distance 
from the exit orifice of the furnace. The thermocouple was attached to the 
disc so as to enable the temperature of the air stream to be measured in the same 
plane as the surface of the cordite specimen. 

Experiments were performed with different rates of flow of the hot air, and 
at temperatures from 160° to 400° C. When the temperature of the air was 
constant, the disc was rotated rapidly until the cordite specimen was positioned 
centrally in the hot air beam, and observations were made of the time from 
the air impinging on the cordite surface to the point at which explosive ignition 
occurred. 

Results 

It was found difficult to bring about the ignition of cordite at temperatures 
less than 220° C. At all temperatures above approximately 220° C, after an 
induction period depending on the temperature of the hot air, ignition was 
observed. Initially, a few small blisters appeared on the cordite surface, after 
a short time the number rapidly increased until the surface became sintered, 
at which point decomposition set in. After a further interval, the surface 
softened, and ultimately began to " flow " from regions of high pressure in the 
impinging air-stream. Decomposition was very rapid at this juncture and was 
quickly followed by a slight explosion, when ignition occurred immediately. 

In Fig. 1 the logarithm of the induction period in seconds is plotted against 
the reciprocal of the absolute temperature of the hot air beam for a typical run. 

1 Crow and Grimshaw, Phil. Trans. A, 1931, 230, 387. 

2 Cranz, Lehrbuch der Ballistik (Berlin, 1926), Vol. 1. 
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From this graph it is clear that the experimental results arc governed by the 
usual linear relation, log 10 t « C + B IT, found to hold for the explosive ignition 
of mixtures of oxygen and hydrocarbons, etc., 8 nitroglycerine and trotyl, 3 4 lead 
styphnate, 8 and mercury fulminate, 6 and other explosives. 7 



Table 1 contains thr values of A and E calculated from the graphs of log t 
against io 8 /T for different rates of flow of the impinging stream of hot air and 
foi two different cordites, assuming that the temperature variation of the induction 
period is given by i — A^! RT 

TABLE I 

The Activation Energy for the Ignition of Cordite by Hot Air. 


Type of Cortlilc 

Lineal Velocity 
of Air Stream 
(on./sec.) 

A 

(sec. -1 ) 

E 

(cal./mole) 

ll.S.C. 

3140 

7*9 X 10- 7 

16,720 


27(10 

2*5 X JO~ fl 

17,600 


2 4 GO 

4*0 x io~ G 

16,450 


3 7 00 

7-9 \ IO“ 7 

17,900 


357 ° 

2*3 \ 1 o-° 

1(1/230 

S.O. 

2860 

4*0 ''■TO 5 

14,000 


We fhould like to thank Prof. C. E. H. Bawn for many interesting 
discussipns during the course of this work. This paper is based on work 
carrieji^out in the Armament Research Department, Ministry of Supply, 
and is published by permission of the Chief Scientist. 

Department of Inorganic and Physical Chemistry, 

Liverpool University . 

3 Semenoff, Chemical Kinetics and Chain Reactions (Oxford, 1935). 

4 Roginsky, Physik. Z. Sow jet., 1932, I, 640. 

6 Hailes, Trans. Faraday Soc., 1933, 29, 544. 

6 Garner and Hailes, Proc. Roy. Soc. A, 1933, 139, 57^- Garner, Gotnrn 
and Hailes, J. Chem. Soc., 1933, 1393. 

7 Copp, Napier, Nash, Powell, Skelly, Ubbelohde and Woodward, Phil. 
Trans. A, 1948, 241, 197. 
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The Chemistry of High Polymers. By C. E. H. Bawn. (Butter- 
worths Scientific Publications, London, 1948.) Pp. ix + 249. Price 
17s. 6d. net. 

In this book Prof. Bawn has attempted to present the basic ideas of 
polymer chemistry and physics in a reasonably condensed form. The 
first part deals with the principal types of polymerisation reactions, and 
discusses the information which may be obtained from a quantitative 
study of the kinetics of the processes involved. The emphasis here is 
on the general methods of attack rather than on the detailed chemical 
reactions of particular systems, though some discussion is attempted of 
the more complicated and controversial topics of organic chemistry (e.g. 
the effect of oxygen on polymerisation and chain scission). 

The remainder of the book deals with the thermodynamics of solu¬ 
tions and gels, methods of studying molecular weights and molecular- 
weight distributions, the structure of high polymers as revealed by X-rays 
and other means, and the relation of mechanical properties to structure. 
This section includes the statistical treatment of long-chain molecules 
and its application to the problem of rubber elasticity. 

Though in matters of detail specialists will no doubt find points which 
may be criticised in the light of the most recent knowledge, this book can 
be unreservedly recommended as an introduction to this w r ide and rapidly 
extending subject. The author has succeeded in producing a very read¬ 
able text from rather widely scattered sources, and has restricted the 
mathematical detail to the minimum necessary for an intelligent exposi¬ 
tion of the quantitative aspects of the subject. The reader who requires 
to follow any particular line in more detail will find adequate references 
to the original papers. 

L. R. G. T. 

Annual Reports on the Progress of Chemistry for 1947 . (The Chemical 
Society, London, 1948.) Pp. 327. Price 20s. 

The forty-fourth volume of this wdl-knowm and valued survey of the 
progress of Chemistry includes reports on General and Physical Chemistry, 
Inorganic Chemistry, Organic Chemistry, Biochemistry, and Analytical 
Chemistry. The first part, which will probably be most interesting to 
members of the Faraday Society, has a report on the kinetics of electrode 
processes and one on far ultra-violet spectra. The section on Inorganic 
Chemistry has a short but informative account of the transuranic elements 
and a long and rather speculative article on intermediate compounds in 
inorganic reactions. In the Organic Chemistry section there is a survey 
of fluoro-hydrocarbons and related compounds, terpenes and steroids. 
The Analytical Chemistry section contains a brief summary of the ap¬ 
plications of statistics in chemical analysis. The volume, although con¬ 
taining a large amount of material and full references to the literature 
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is on the whole very readable, and amply fulfils the purpose of the reports 
in providing surveys of topics of special interest which are likely to be of 
value to students, research workers and all who wish to keep abreast of 
modern developments in the science. The printing is very good, but the 
paper is rather thin, and attention should be given to improvement of 
this in future issues. At a time when plenty of excellent paper is available 
for quite worthless publications, those who might be expected to do 
something in helping important scientific publications to get their share 
of what is going should fulfil their obligations. 

J. R. P. 

An Introduction to the Chemistry of Carbohydrates. By John 
Honeyman. (Oxford University Press, 1948.) Pp. 143. Price 

15s. net. 

This book will, without doubt, prove of great value to students of 
carbohydrate chemistry. 

The monosaccharides are dealt with skilfully and the author has not 
hesitated to include modern work. Presumably, owing to limitations 
of space, an occasional lack of balance may be detected, for example, 
in the section on disaccharides where the synthetic work of B. Helferich 
is not mentioned. Space could have been saved in the chapter on poly¬ 
saccharides by modifying the formula? for starch (p. 129) and dextrin 
(p. 131) which are likely to be confusing to students and could be simplified. 
One sympathises with Dr. Honeyman in his attempts to introduce im¬ 
portant references, but in some cases he runs into difficulties by selecting 
one author as the key, for example, in connection with the constitution 
of chondrosamine (p. 80) and the synthesis of cellobiose (p. 96). Further¬ 
more, it is unfortunate that the dates for references to chain length deter¬ 
minations bv end-group assay (pp. 124, 126, 132) arc given as 1928 and 
not 1932. The high quality of the book can be judged by the fact that 
this last is one of the few actual errors, apart from a few misprints, and, 
although everyone will not agree with the formula ascribed to inulin 
(p. 133), the author is to be congratulated on the production of a readable 
text-book on carbohydrates which is sure of a warm welcome. 

E. G. V. P. 

Multiple-Beam Interferometry of Surfaces and Films. By S. 

Tolansky. (Geoffrey Cuinberlege, at the Oxford University Press, 
1948). Pp. viii -j- 187. Price 18s. 

Prof. Tolansky’s earlier books, Fine Structure in Line Spectra and 
Nuclear Spin (Methuen, 1934), High Resolution Spectroscopy (Methuen, 
1946), and Introduction to Atomic Physics (Longmans, Green and Co., 1942) 
will be familiar to many. In this latest work he describes in the same 
clear crisp style his techniques for studying fine-scale topography and 
optical properties of surfaces and thin films. These techniques were 
developed since 1942 at Manchester University and are now being con¬ 
tinued at Royal Holloway College, London University, and the many 
illustrations here show well that peculiar beauty and sharpness of detail 
which are now widely known and appreciated. 



216 


REVIEWS OF BOOKS 

As the preface points out, the methods described in this book will be 
valuable to chemists, crystallographers, metallurgists and others, as well 
as to the optics specialist. The first four chapters will be especially helpful 
to these general users, since they introduce briefly but clearly the important 
cases of two-beam and multiple-beam interference, the silvering technique, 
and silver-modified Newton's rings applied to direct estimation of phase- 
change in the reflection of light by metals. The results obtained by 
multiple-beam methods (Fizeau fringes) applied to the topography of 
quartz, mica, selenite and calcite are discussed in Chapter V. Chapter VI 
on crossed Fizeau fringes from diamonds, and Chapter VII on doubly 
silvered films (of mica) describe extensions of the technique. Next, in 
Chapter VIII, come the important “fringes of equal chromatic order”, 
and in Chapters IX, X, and XI applications to mica, calcite and diamonds. 
Chapter XII shows how the methods can be applied to opaque substances 
and metals, XIII discusses replica techniques, XIV the principles of 
interferometric colour filters and monochromators, and XV non-localised 
multiple-beam fringes. 

Apart from the techniques and the general topographical results, the 
high-lights are the data obtained about phase-change in reflection at metal 
surfaces (p. 43), birefringence measurements throughout a large spectral 
range (p. 114), measurement of thickness of thin films (p. 147), and details 
of interferometric colour filters (p. 161 ff.). The topographical results on 
crystal cleavage are important, especially for mica (pp. 61-2), though the 
frequent comparison with electron microscopy is hardly appropriate. 
The often-made reference to cleavage steps as being a number of molecules 
high, or flat to one molecule , is also an unfortunate misconception in relation 
to ionic crystals, where there are no distinct molecules present, and it 
is an anachronism from the 18th century period of Hauy and Rom6 de 
LTsle. 

It is also desirable to note that these interferometric methods give an 
average film thickness where the surface has roughnesses of the order of 
a few atomic diameters in extent, as electron-diffraction reflection photo¬ 
graphs show is in general the case with silver or similar deposits. The 
references to film thicknesses and silver-film densities (not actual silver 
density, which is effectively a constant) should therefore be understood 
in this way. 

Finally, the reader will be perhaps only temporarily disconcerted by 
several errors in the references (correct the second [23] on p. 45 to [24] ; 
[24] on p. 57 to [25] ; [29] on p. 43 to [20] ; and add [16] after figure 16 on 
p. 30) ; and by the lack of references in the later chapters even where a 
date follows an author's name (p. 181). In general, however, the book 
is well produced and will be much used and appreciated. 


H. W. 



DIAMAGNETIC SUSCEPTIBILITY OF AMMONIUM 

COMPOUNDS 


By M. E. Bedwell, J. F. Spencer and V. C. G. Trew 
Received 24 th July, 1946, as amended 21st July , 1948 

The diamagnetic mass susceptibility of the ammonium halides in solution 
and in the solid state has been determined, and values for the gram ionic sus¬ 
ceptibility of the ammonium ion in various co-ordination states have been de¬ 
duced, using the appropriate anionic correcting constants. The molar suscepti¬ 
bility and co-ordination number show a linear relationship for each halide, and 
extrapolation gives values of molar susceptibility for the free ions. Measure¬ 
ments have also been made on nine further compounds of ammonium, and an 
estimate of the susceptibility of the ammonium ion has been made in those cases 
where data are available. 

Comparison of the experimental figures with those calculated theoretically 
indicates that the extrapolated experimental figures for free ions are in closest 
agreement with theoretical values calculated by Slater's method. 


The systematic investigation of the diamagnetic susceptibility of 
polar compounds has been undertaken by a number of workers in recent 
years. In 1932 Kido 1 * measured the magnetic susceptibility of certain 
alkali and ammonium salts. He noted a linear relationship between molar 
magnetic mass susceptibility and the number of electrons in the cation 
for the series of alkali salts with the same anion, and a similar relationship 
for the halide series with the same cation. From these results he deduced 
values for the ionic mass susceptibility of alkali and halide ions but made 
no attempt to allow for variation of co-ordination numbers in the salts 
concerned. Later Brindley and Hoare *• 3 * 4 carried out a systematic 
investigation of the diamagnetic susceptibility of the alkali halides 
showing that slightly greater values for the susceptibility of the salts 
were obtained in the dissolved state than in the solid state. This con¬ 
clusion was supported by the subsequent work of Flordai and Frivold 5 * 
and of Fahlenbrach. 8 Brindley and Hoare also derived values for the 
ionic susceptibility of anions and cations in different co-ordination states, 
investigating the influence of adjacent ions upon the ion concerned. 
More recently Klemm 7 has suggested values for a large number of ionic 
susceptibility constants, in which he has made corrections for the co¬ 
ordination effects, while Frivold and Olsen * have made similar corrections 
in the case of the alkali halides. On theoretical grounds Klemm 7 and 
Trew 9 independently have pointed out that the ionic susceptibilities of 
a related series e.g. alkali metal or halogen ions should not be a linear 
function of the number of electrons in the ion, but should be related to 
the numerical periodicity of the electron shells of the ions concerned. 

1 Kido, Sci. Rep. Tohoku Imp. Univ ., 1932, 21, 149, 288, 869 ; 1933, 835. 

* Brindley and Hoare, Proc. Roy. Soc. A, 1935, 152, 342. 

•Brindley and Hoare, ibid., 1937. *59* 395- 

4 Brindley and Hoare, Trans. Faraday Soc., 1937, 33 > 268. 

* Flordai and Frivold, Ann. Physik , 1935, 23, 425. 

* Fahlenbrach, ibid., 1935* Mt 485. 

7 Klemm, Z. anorg. Chem., 1941, 246, 347. 

•Frivold and Olsen, Avhandl. Norsk. Videns. Akad., 1940,2, 16, 

•Trew, Trans. Faraday Soc., 1941. 37 » 47b. 

8 217 
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Kido’s apparently linear results would seem to arise mainly from a neglect 
of co-ordination eftects. 

Less attention has been paid to salts of ammonium than to those of 
the alkali metals and there is considerable variation in the results of 
different investigators. The present work was undertaken to investigate 
the general additivity relationships for the ammonium salts, and to study 
the influence of co-ordination upon the susceptibility of the ammonium 
ion. 


Experimental 

Preparation of Compounds.—Wherever possible a.r. materials were used 
and these were further purified by careful recrystallisation. The compounds 
were especially examined for ferromagnetic impurities, iron, nickel and cobalt, 
and only materials giving negative reactions were used for the magnetic measure¬ 
ments. In all cases, as a further test of purity, the anion content of the com¬ 
pounds was determined and material rejected for which duplicate analyses 
varied by more than 0*2 % from the theoretical amount. All specimens were 
carefully dried before use. 

Measurement of Susceptibility.—Magnetic susceptibility measurements 
were earned out at room temperature, using a modified Gouy method, precautions 
being taken to eliminate various sources of error and obtain concordant results 
as described in previous papers. 10 * 11 


Results 

Tables 1 (a) and (b) summarise the results obtained for the diamagnetic suscepti¬ 
bility of the ammonium halides in the solid state and in aqueous solution, and 
of the other salts investigated. The values in solution were calculated, assuming 
additivity, from the relationship 

X measured = w iX solvent “1“ Wtf solute 

where w 1 and w 2 are weights per cent, of solvent and solute respectively. The 
last column shows the susceptibility values obtained by other investigators, 
where these are available. 


TABLE I.— Diamagnetic Mass Susceptibility of Ammonium Compounds 

(«) 


Compound 

State 

Co- 

ordina¬ 

tion 

Number 


— io*. X|j (literature) 

nii 4 f * 

Solid 

4 

23-0 ± 0-04 

24-5 1 


Solution 16*9 % 

4 

23-5 ± Oil 


NH 4 C 1 * 

Solid 

8 

36 7 ± 0*21 

34 * 2 * 1 35 ‘ 7 * 12 3 6 * 2 18 


Solution 16*8 % 

4 

38*5 rlr 016 

— 

NJI 4 Br 

Solid 

8 

47 ’° ± o* 3 ° 

47-4, 1 467, 18 , 46-2 13 


Solution 16-7 % 

4 

49*8 L 0’30 

— 

NII 4 I * 

Solid 

6 

04-4 ± 0*15 

GO’O, 1 69*5, 12 64*1 13 


Solution 16-8 % 

4 

66*4 d* O'lb 

— 


The % composition of solutions refers to grams solute per ioo g. solution. 


* The experimental data for the ammonium halides (with the exception of the 
bromide), in the solid state have been previously published 9 but are included 
here for the purposes of detailed discussion in relation to co-ordination number. 

10 1 l rew and Watkins, Trans. Faraday Soc., 1933, 29, 1310. 

11 French and Trew, ibid., 1945, 41, 439. 

12 Ducliemin, Compt. rend., 1931, 199, 571. 

13 Dinsdalc and Long, Proc. Leeds Phil . Soc., 1937, 3 > 2 7 °- 
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(*) 


Compound 

State 

- x K 

— io # . *j£ (literature) 

NH.NO,* 

Solid 

32*6 J-- o*i6 

33 ’ 6 1 


Solution 14'1 % 

38-9 ± 0-27 


nh 4 vo 3 

Solid 

— 8-i J_ 0-23 

— I 4 * 04 , 14 — 14*04 16 

NH 4 OH 

Solution 35 % 

3 i '5 d 0*15 

— 

(NH 4 ) t S 0 4 

Solid 

(>7*o _L 0*70 

75 ‘ 4 » 16 ^ 3*2 18 

(NH 4 ) 8 SO a . H 2 () 

Solid 

70-3 + 0*67 

— 

(NlI 4 ) r S i O i 

Solid 

75-1 + O'39 

— 

(NH 4 )jjCr 0 4 

Solid 

— f 0 X 0*38 


(NH 4 ) 2 Cr 2 0 7 

Solid 

-37-8 0-75 

— 

(NH 4 ),Mo,0 84 . 4 h,o 

Solid 

163*1 ± 0*84 



Discussion 

The experimental figures for the susceptibility of the ammonium 
halides in Table 1 (a) are in good agreement with previously published 
values, 1 * 12 10 the closest agreement being with the most recent results, 
those of Dinsdale and Long. 13 It will be noted that the values for the 
susceptibilities of salts in solution are slightly higher than the correspond¬ 
ing values for the solid state. This result is in agreement with the ob¬ 
servations of Brindley and Hoare 8-4 for the alkali halides and was ex¬ 
plained by them as due to the reduction in the co-ordination number of 
the ions when in the dissolved state. In order to investigate this effect 
more fully, values for the susceptibility of salts containing the ammonium 
ion in various states of co-ordination have been calculated from the 
experimental figures of Table 1 . 

For strongly polar salts, such as the alkali halides, it can be assumed 
that the molar diamagnetic susceptibility is solely made up of the sum of 
the ionic susceptibility values for the anion and the cation, provided that 
the ions are in the same co-ordination state. This assumption has been 
shown to hold for the salts of the alkali halides and thus should be ap¬ 
plicable to the ammonium salts. In the crystalline state the co-ordination 
number of the ammonium ion is known for the various halides, and for 
large ions in solution can be taken as four. 17 The experimental molar 
suvseeptibility thus represents the sum of the susceptibility values for the 
cation and anion in the particular co-ordination state of the crystal in 
question, and values for other states require to be calculated. This can 
be done by a method similar to that used by Brindley and Hoare 3 for the 
alkali ions, using the values given by them for the susceptibility of halide 
ions in various co-ordination states. From the experimental molar 
susceptibilities, complete sets of values can thus be obtained for the four 
ammonium halides in four-, six-, and eight-fold co-ordination. Table II 
(columns 2-5) shows the values obtained in this way. The detailed cal¬ 
culation by which the figures were obtained for co-ordination number 
eight provides an illustration of the method involved. Subtracting the 
values 3 for the susceptibility of the chloride and bromide ions in eight¬ 
fold co-ordination from the respective experimental molar susceptibilities 
(Table I) gives a value for the susceptibility of the ammonium ion in eight¬ 
fold co-ordination, thus : * 

14 Ray Chaudhuri, Indian J. Physics , 1936, 10, 245. 

16 Meyer, Ann. Physik, 1899, 68, 325. 

13 Gray and Farquharson, Phil. Mag., 1930, 10, 191. 

17 Bernal and Fowler, ]. Chem. Physics , 1933, I, 515. 

* All molar and ionic diamagnetic susceptibility values quoted in the text 
are given in e.g.s. units X(— io # ),and paramagnetic valuer in e.g.s. units X io # . 



220 DIAMAGNETIC SUSCEPTIBILITY 

XwHiOlu) “ ^cl- (t , “ ^NH4 + (,) an<i X KH4Br(8, ~ ^Br-(t) “ 

367 - 22-9 = 13-8 47*0 — 33*4 = 13-6 

whence a mean value of x NHi+(8) = I 3‘7 * s obtained. 

TABLE II.— Theoretical, Experimental and Derived Diamagnetic Sus¬ 
ceptibilities (— io«x) for the Ammonium Ion and Salts with Various 
Co-ordination Numbers 


C.N. = Co-ordination number. Values in brackets are the derived values. 
Addition of the corresponding values for the singly charged halide ion, in 
each case, gives the figures in columns 7-9. 



Experimental and Derived Values x ( — io*) c.g.s. 

Theoretical Values 
x (— io«) c.g.s. 

Crystal 
C.N.8 

Crystal 
C.N.6 

Crystal 
C.N.4 

Aqueous 

Solution 

C.N.4 

Extrapol. 

Value 
C.N.zero 

Method 

of 

Pauling 

Method 

of 

Slater 

Method 

of 

Angus 

Nir 4 + 

*37 

>3'« 

_ 

14*2 

*4*5 

*5*1 

15-0 

* 3*9 

nh 4 f 

(22- 4 ) 

(-23-2) 

23-0 

23-5 

(24-6) 

23*2 

23-1 

21*0 

nh 4 ci 

3^7 

(38-0) 

— 

3«‘5 

(40-7) 

44*1 

40*3 

36*3 

NH 4 Br 

47-0 

(48-3) 

— 

40-8 

(52-3) 

69-1 

54*3 

49-0 

NH 4 I 

(62-5) 

64-4 

~ 

66-4 

(70-2) 

95* 

73*6 

08*1 


The theoretical figures were calculated as follows. In the ammonium ion the 
unit positive charge is considered as divided approximately equally among the 
five atoms, 30 each having a resultant charge of about -f 0*2. Using the theoreti¬ 
cal susceptibility values for atoms with whole number charges which have been 
calculated by the Pauling,* 6 Slater, 27 and modified Slater (Angus) 28 methods, 
we have, in terms of — 10® x the following values : 



1 

Pauling 

Slater 

Angus 

N+ 1 

0*2 X 5*91 

1*2 

0*2X5*36 

i*i 

0*2 X 4*67 

o*9 

N° 

0*8X8*28 

6*6 

0-8x7-93 

6-3 

o*8 X 6*73 

5*4 

11 

4 X 0*2 X 0 

0*0 

4 X 0*2 X O 

0*0 

4 X 0*2 X O 

0*0 

H° 

4 X o*8 x 2*273 

7*3 

4x0*8 x 2*370 

7*6 

4 X 0*8 X 2*370 

7-6 


Xnh 4 + — 

15*1 

1 

Xnh 4 + “ 

15*0 

Xnh 4 + 

= 139 


From this figure, calculated values for the molar susceptibilities of 
the two remaining halides, ammonium fluoride and iodide with co-ordin¬ 
ation number eight can be obtained by addition of the values for these 
anions with that co-ordination number : 

XnH 4 +(,) = XNHiFd) “t” ~ XNHJdf 

137 + 87 = 22-4 137 + 48-8 = 62-5 

Similar calculations give the remaining figures in Table II (columns 2-5). 
The value for the fluoride ion with co-ordination number eight is not given 
by Brindley and Hoare. For the sake of completing the data on the am¬ 
monium ion, a value for the fluoride ion in eight-fold co-ordination, could 
this be realised, was estimated by assuming a percentage change on 
passing from co-ordination number six to eight of the same order as for 
the chloride ion. It will be seen that the average change in molar sus¬ 
ceptibility for a change in co-ordination number of two units is 3 %. 
This may be compared with a similar figure of about 4 % for the caesium 
halides obtained by Brindley and Iioare.* 

Values for the ionic susceptibility of the ammonium ion with various 
co-ordination numbers follow from the experimental results. Thus, 
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subtracting the value for the susceptibility of the halide ion in the ap¬ 
propriate state, “ r 3‘7 from the chloride and bromide measure¬ 

ments, and X N h 4 + U) = 13*8 from the iodide measurement. Values for 
the susceptibility of the ammonium ion in the dissolved state calculated 
by means of Brindley and Ho are's suggested values for halide ions in 
solution 4 are not, however, satisfactory. Thus, if the values x y -( ( jissoived) 

888 IO *3» X 0 i-(dissolved) ~ ^Br~(dissolved) 3^*4 Xj-(dissolved) 54* 2 

are subtracted from the measured susceptibility values, the suscepti¬ 
bility of the ammonium ion in solution follows, namely x^qaissoived) ^ J 3’ 2 
from the fluoride measurement, 13*4 from the chloride, 13*4 from the 
bromide and 12*2 from the iodide, all values lower than those in the solid 
state with higher co-ordination number. An alternative method for 
assessing the contribution of the ammonium ion to the total susceptibility 
in the dissolved state, that is not dependent on the absolute magnitude 
of the halide ion contribution, is to assume that the same proportional con¬ 
tribution of the total susceptibility is made by anion and cation whether 
in the solid state or in solution. 

The ratio 


^ NH^ dissolved) _ ^NH^cryst.) 

^NH 4 x(dissolved) ^NH*x(cryst.) 

(where NH 4 X signifies the halide salts) will give the required value for 

X W (dissolved) sinCC *NH.*(cryst.) is as g iven above for tilc six ~ and ei g ht ‘ 
fold co-ordination states ; the values for the susceptibility of the salt in 
solution and in the solid state are as in Table I and hence X NH4 +(dissoived) 
follows. This method gives X^^^o^ed) = * 4'5 from ttle chloride, 14*4 
from the bromide and 13*8 from the iodide, representing a mean value 
of 14*2 for the susceptibility of the ammonium ion with co-ordination 
number four in the dissolved state. This value is higher than that ob¬ 
tained for the six- and eight-fold co-ordination states and hence is in line 
with the general trend of increase in susceptibility with fall in co-ordination 
number. This method for obtaining a value for X NH4 +(dissoived) * s supported 
by the application of an equation relating the diamagnetic susceptibility 
of an ion in solution to that in the solid state proposed recently by Lee. 18 
Pointing out that the transfer of an ion from the crystalline state to solu¬ 
tion involves the two factors of an increase in susceptibility due to a 
release of the ion from a strong field in which mutual deformation occurs, 
and a counter effect of a deformation of some of the water molecules due 
to the introduction of an ion into their vicinity, which will of course 
lower the susceptibility of the solution, he suggests a relationship 
— x, == 0i( — Xe) — K where — x* and — x* are the ionic susceptibilities 
in solution and the solid state respectively expressed in io 6 c.g.s. units 
and a x and b x are constants. For univalent anions and cations, a x =* 1-09 
and b x = 1*0. Lee shows that this relationship holds to within ± 0*3 
unit of susceptibility for the alkali and halide ions. Applying this to the 
present data and taking Xm^c^t.) — I 3’7» the calculated value for 
*KH|+(di«soived) 888 *3*9 * n agreement with the experimental value of 
14*2 obtained above, on the assumption that the proportional change in 
susceptibility is the same for each univalent ion on transferring from the 
solid state to the dissolved state. Thus the susceptibility of the ammonium 
ion in solution is 14*0 rather than 16 units of susceptibility tentatively 
suggested by Brindley and Hoare. 4 

If the susceptibility values of Table II (columns 2-5) are plotted against 
the appropriate co-ordination number of the salt in question the points 
lie on five straight lines, one for the ammonium ion and one for each 

18 Lee, J. Chinese Chetn. Soc., 1945, 1 T, 81. 
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halide, a result similar to that for the alkali halides. Extrapolation of 
the straight lines to zero co-ordination number gives the values shown 
in column 6 of Table II. These may be taken to represent the suscepti¬ 
bility values for the free ion in the case of ammonium, and for the state 
of zero co-ordination number for the salts, i.e. a state in which the co¬ 
ordination effects have been eliminated. These susceptibility values 
may be compared with theoretical values. 

It has already been pointed out ® that on plotting the experimental 
results for the solid halides of Table I against the effective charge of the 
anion, a graph results which shows the periodicity expected from the 
change in number of electrons in the electron shells of the anion on passing 
from fluoride to iodide, and that this graph is reasonably parallel with 
those for the alkali salts. A slight deviation from the parallel relation¬ 
ship occurs with ammonium iodide and fluoride due to the difference in 
co-ordination number of the ammonium ion in these salts from that in 
the chloride and bromide. 

In Table 1 ( 6 ) where the co-ordination number data are inadequate, 
the values for the susceptibility of the ammonium ion were calculated 
in those cases where data for the anionic contribution to the susceptibility 
were available, although no allowance could be made for change in co¬ 
ordination number. A value of x N r 4 + — 137 was obtained for the 
susceptibility of the ammonium ion in the nitrate and x Nil4 + — * 3*5 
in the sulphate, using the anionic values suggested previously.® These 
values are in good agreement with that obtained from the halide series 
showing that any change in co-ordination number has only a small effect. 
Since no experimental anionic values were available for the thiosulphate, 
chromate, and dichromate ions, these were estimated from recent experi¬ 
mental measurements on the sodium and potassium salts of these anions 
by subtracting the cationic contributions.* The considerable variation 
in the experimental susceptibility values of different investigators for 
the same salt make the conclusions rather uncertain, but the results are 

* The method of calculation is as follows : 

" 61 • 8 > I * whence subtracting twice * Nh+ =- 0-8 • gives x Sj0a ' = 48-2. 

Correspondingly from XK a s a o a ~ 75’9» 20 subtracting twice x K + ~ I 4‘9 * gives 
Xs,o a * ” 4 °' 1 * Riving a mean Xb 2 o/ ~ 47*2. This, subtracted from the experi¬ 
mental figure for ammonium thiosulphate in Table 1 ( 6 ), gives the value + 
“ 14*0. Kido's 1 figure for the susceptibility of sodium thiosulphate trihydrate 
was not used in this calculation since if the full value for the susceptibility of the 
three molecules of water of crystallisation is subtracted it gives a very much 
lower value for the susceptibility of the anion than either of the other two values 
used. 

(2) The paramagnetic susceptibility of sodium chromate is x^crc^ “ IC ->* 4 * 41 
and Xtfa 2 cro 4 - n*o, 22 whence the paramagnetic susceptibility Xcro'“ 33*° 
and 24*0, subtracting twice X(dia.)Na+- Similarly from the paramagnetic values 
for the susceptibility of K 2 0 rO 4 = 4*0 2a * 23 and 0‘0, 21 the paramagnetic sus¬ 
ceptibility Xoro/ “ 2 5*K. 25-8, 29-8, giving a mean of the five values of Xcrof 
~~ 27*8 for the paramagnetic susceptibility of the chromate ion, and hence 
X(dia.)NH 4 + x 3*4 from the data for ammonium chromate in Table 1 . 

(3) Similarly the values available for the paramagnetic susceptibility of 
potassium dichromate are x^ortOy 33 37’9> 24 54*°> 21 3 1 ' 8 * 14 15*0, 22 whence the 
paramagnetic value Xcr t of — b 4‘5 follows as a mean value, giving X(dia.)NH 4 + 
= 13*4. 

12 Pascal, Compi. rend., 1921, 173, 712. 

80 Farquharson, Phil . Mag., 1932, 14, 1003. 

21 Gray and Dakers, ibid., 1931, 11, 297. 

82 Tilk and Klemm, Z. anorg. Chem., 1939, 240, 355. 

23 Trcw, Trans. Faraday Soc., 1936, 32, 1655. 

44 Endo, Sci. Rep. Tohoku Imp. Univ., 1925, 14, 479. 
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included as they give a value for the susceptibility of the ammonium 
ion of the same order of magnitude as that derived from the halide salts. 
Thus *5^+ =£= 14*0 from the thiosulphate measurement and 13*4 from 
both chromate and dichromate. 

Comparison of Theoretical and Experimental Diamagnetic Sus¬ 
ceptibilities.—A number of methods for calculating theoretical 
diamagnetic susceptibilities have been proposed, 84 ~ 28 and have been 
frequently discussed so that details need not be given here. The theoret¬ 
ical susceptibilities for the ammonium ion, calculated by the methods of 
Pauling, 15 Slater, 17 and Angus, 28 are summarised in Table II (columns 
7-9). Following the method originally applied by Gray and Cruickshank, 19 
allowance has been made for the partial shift in charge, due to unequal 
sharing of electrons as determined from dipole measurements. The 
theoretical values for the susceptibilities of the halides have been cal¬ 
culated assuming that the linkings between the ammonium and halide 
ions are completely polar. It will be seen that for the ammonium ion 
itself, the theoretical molar susceptibility calculated by Angus’ method, 
XNH4+ “ I3’9» agrees most closely with the experimental value, = 

*3*6-13*8, for the ion in combination with univalent anions in solid crystals. 
The values obtained when the experimental susceptibilities of the salts 
are extrapolated to co-ordination number zero are in closest agreement 
with susceptibilities calculated by Slater’s method in which semi- 
empirical rules for obtaining the screening constants in the ions are used. 

An increasing divergence between theoretical and experimental 
susceptibilities occurs as the effective atomic number of the salt increases, 
a result similar to that found for the alkali and other salts.®- 23 * 31 For 
all the halides except the fluoride, calculations by Pauling's method give, 
as in these other cases, theoretical susceptibilities which are higher than 
the experimental for salts of heavier ions. When, however, as in Slater’s 
method of calculating atomic and ionic susceptibilities, modified screening 
constants are used for the TV-shell of electrons and beyond, the resultant 
theoretical susceptibility is brought very much closer to that for the salt 
corrected for the co-ordination effects, as a comparison of column 6 with 
column 8 of Table II will show. Angus’ further suggestion that the 
contribution of s and p shells of electrons to the susceptibility should be 
computed separately, brings the final calculated molar susceptibility 
below the experimental values corrected for co-ordination effects, and so 
would appear unjustified by the experimental results. 

Bedford College , 

Regents Park , 

London , N.W. 1. 

26 Pauling, Proc. Roy. Soc. A, 1927, 114, 181. 

28 Hartree, Proc. Camb. Phil. Soc., 1928, 89, m ; Proc. Roy. Soc. A, 1933, 
141, 282. 

27 Slater, Physic. Rev., 1930, 36, 57. 

28 Angus, Proc. Roy. Soc. A, 1932, 136, 569. 

29 Gray and Cruickshank, Trans. Faraday Soc., 1935, 3 *» M 9 1 * 

80 Pauling, Nature of the Chemical Bond (1940). 

81 Brindley, Phil. Mag., 1931, 13, 786. 



THE DISSOCIATION CONSTANT OF HYDROGEN 
PEROXIDE AND THE ELECTRON AFFINITY OF 
THE H0 3 RADICAL 


By M. G. Evans and N. Uri 
Received 6th September , 1948 


Measurements are described on the dissociation constant of hydrogen peroxide 
in aqueous solution and from these measurements at different temperatures 
the heat of dissociation is evaluated. This value has enabled us to estimate 
the electron affinity plus the solvation energy of the O t H radical. Values of 
AG, AH and AS for the dissociation of water and hydrogen peroxide are com¬ 
pared. Measurements are also reported on the proton affinity of HjO t . 
Calculations based on existing data are given for the electron affinities and 
solvation energies of OH, O a H, 0 2 and OJ 


Introduction. — The strengths of the various bonds in molecules 
and radicals of oxygen and hydrogen atoms are of importance in dis¬ 
cussions of the energetics of many oxidation reactions both in the gas 
phase and in solution. The electron affinities of radicals and the solvation 
energies of the ions are quantities which are required in considering many 
electron-transfer reactions in solution. In this paper we present new 
measurements concerning the dissociation constant and the proton 
affinity of hydrogen peroxide in aqueous solution and use these values 
together with existing data to obtain some of the fundamental quantities 
referred to above. Many of these quantities have been evaluated by 
Weiss 1 but the data which are now available enable one to make more 
certain estimates. 

The Dissociation Constant of Hydrogen Peroxide.—In 1912 Joyner * 
evaluated the hydrolysis of NaHO a by measuring (a) the ratio of saponi¬ 
fication of ethyl acetate in the presence of NaHO,, (b) the distribution 
of undissociated hydrogen peroxide between water and amyl alcohol, 
and (c) the conductivity of a solution of NaH 0 2 . 

He obtained the following values for the acid dissociation of hydrogen 
peroxide in dilute aqueous solution at o° C : 

Method (a) Method (b) Method (< c ) 

077 x io~ la 0*59 x 10- 11 0*64 x 10- 11 

He also measured the heat of the reaction, 

H,O t -* H a O + + 0 ,H~ 

at o° C, by direct thermochemical measurement of the heat of neutral¬ 
isation and obtained a value of AH 0 — + 8*6 keal. The lack of any con¬ 
sideration of the influence of ionic strength in Joyner's experiments has 
necessitated a re-determination of the dissociation constant of H t O t 
taking into account the influence of the ionic strength of the solution. 

It has been shown by Reichert and Hull 8 that the glass electrode is 

1 Weiss, Trans. Faraday Soc., 1935, 31, 966 and 668. 

* Joyner, Z. anorg . Chem 1912, 77, 103, 

8 Reichert and Hull, Ind. Eng. Chem. (Anal.), 1939, II, 311. 

224 
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suitable for the measurement of pH in peroxide solutions. We have 
used aqueous solution of H a O a up to 2 M concentration and in this range 
we consider that the ions present are hydrated H 3 0 + , OH~ and HO a , 
and that the concentration of H 3 O a is negligible. We can, therefore, 
treat the system as a dissociating weak acid and have used the Alki glass 
electrode which is now applicable over a pH range of 9-14. We have 
measured the pH of an H a O a —NaOH mixture at various concentrations 
of sodium perchlorate and at different temperatures. For the evaluation 
of the pK of dilute H a O a up to 2 M the modified Henderson buffer equation 
has been used : 

pH = pK + lo 8[H^£pj£r] *" ° - 5 V> + C'm . . (,) 

It should be added that under the working concentrations the reaction 
OH- HjjOa -> HOi -f- H a C) can be regarded as practically complete 
and thus eqn. (1) is applicable. Fig. 1 shows the dependence of the pH 



Fig. i.—[I 1 2 0 2 ] -- °\55 M, [NaOH] - 0*05 M, pH = (pK — 1) — 0 '$Vp± o*oS p. 
Curve corresponding to pH - (pK — i) — 0*5 vV ~h 0*08 

at constant concentrations of 0*05 M NaOH and 0*55 M H a O a at a constant 
temperature of 20° C on the square root of the ionic strength. The 
variation of the ionic strength of the solution was effected by the addition 
of sodium perchlorate as neutral electrolyte. From these data the values 
of C' and pK have been calculated ; the pK value was found to be 
1175 ± 0*02, which corresponds to a dissociation constant of 

178 ± o-i x io* 11 

at 20 0 C (C' =: 0*08). 

The variations in the value of K at 20° C determined under the same 
experimental conditions are shown in Table I. The error in the estimation 
of the dissociation constant is about ± 5 %. The average value of K 
at 20 0 C at zero ionic strength is 178 x io- 1 *. 

4 Jenkins, Trans. Faraday Soc., 1945, 41» 138. 


8 * 
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TABLE I 


Expt. 

Solution 

K 

(20 8 C, p * 0) 

pK 

I 

055M H, 0 , + CV05M NaOH 

175 x 10- 1 * | 

11*76 

2 


i*79 x 10- 1 * 

xi -75 

3 

n 

1*70 X io~ 12 

ii *77 

4 

” 

i*88 X 10- 1 * 

n *73 


The complete function for the temperature dependence of K for a 
weak acid has the form, 2 


log K - A)T + 


B log T 
T 


C log* T 
T 


+ D. 


In this case with the large value of A we can neglect B and C in the small 
temperature interval between 15 0 and 35 0 C. The Alki glass electrode 
proved suitable for measurement between 15 0 and 40° C only. Above 
35 0 C, however, the hydrogen peroxide decomposition is too rapid, so 
that the effective range for our measurement was within the above- 
mentioned limit. A straight line is obtained when pK is plotted against 
l/T (Fig. 2). The value A H for the reaction 

H 2 Oj -* H 3 0 + -f O t H~ 

calculated from the slope of the graph corresponds to + 8-2 kcal. The 
values obtained are generally in good agreement with those of Joyner.* 



At high concentrations of H 2 O s a striking increase in the hydrogen 
ion, activity has been found. This corresponds to the effect of super¬ 
acidity observed also in concentrated acetic acid. 6 This suggests that 
H B Oa is formed and that H s O* is a weaker base than H a O. 

6 Glasstone, Electrochemistry of Solutions (3rd Ed., 1945), p. i8l. 
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The Proton Affinity of H2O2. —The above observation suggests that in 
the reaction 

H 3 OJ + H 2 0 H f O a + H # 0+ . . . (1) 

the equilibrium lies over on the right. We have measured the heat of 
the above change in this following way. Firstly, the heat of dilution 
of 88 % and 96 % H 2 O f in a large excess of water was measured and by 
extrapolation a value for the heat of dilution of pure H 4 0 2 obtained. 
Secondly, the heat of mixing was measured of a normal perchloric acid 
solution in 40 M H 2 0 8 with a large excess of N HC10 4 solution in water. 
The temperature increases were measured on a Beckmann thermometer, 
and the thermal capacities of the systems measured electrically. The 
results obtained for the heats of dilution are shown in Table II. 

TABLE II 


Cone. H a O a 

Reaction 

A H (keal./mol.) 

88 % 

11 2^ 2 ‘ * 112^2 ( a ' < r) 

— 0-65 

00 % 

I'lgO, — ► HgO, (jmj.) 

— 0*71 

I DO % 

H 2 O s -* HjO, (aq.) 

- 0-74 

H3O5 4 

• 11,0 HjO + + H,Q,, AH -- 4-2 ,-t 1 

•2 keal./mol. 


In the determination of the heat of dilution of pure hydrogen peroxide 
43 M) the increase in temperature on diluting the hydrogen peroxide 
with the twelve-fold excess of water was of the order of 2°. The difference 
in the temperature increase, however, caused by the heat of dilution of 
~4oM H 2 0 2 and that of N HC10 4 in 40 M H 2 O z , with a twelve-fold 
excess of water in the first case and with a solution of N HC10 4 in water 
in the second was of the order of o-25°-o-3o° only. Hence the latter 
result involves a considerable experimental error. From the difference 
between these two heats of dilution and extrapolation to pure H a O s the 
heat of the above reaction can be calculated. The experimental results 
are given in Table II. A U for the above reaction was evaluated as 
— 4*2 ±i*2 keal./'mol. The value of A H, which is a measure of differ¬ 
ence between the proton affinity of H 2 0 2 and H a O, is in keeping with the 
observation that H 2 0 2 is a weaker base than H s O. If the entropy change 
in reaction (1) is negligibly small, then A G° ~ A H° and — 4-2 keal. and 
the equilibrium constant K & 10 3 . 


The Electron Affinity and Solvation Energy of the OH and HOj 
Radicals, (a) Baughan, Evans and Polanyi 6 gave a cycle from which 
the electron affinity could be obtained from the solvation energy of OH. 
In the light of new data we now revise this cycle. 


120-7 


- 312 4 Eon 


- 10-6 


| -I>ho. 

. H 

In t i’oH 


X 


■f 282 

Sh+ 

h.O), - 

— 13*7 

-- (H+w + (o: 


H+ + OH- 
Sonr 


The revised value of D R0 . . H is obtained from the heat of formation of 
water 7 and the value of D n , . 0 of Dwyer and Oldenburg. 8 This leads 
to a value (£ 0H + ^0H“) — 147*6 keal. 


• Baughan, Evans and Polanyi, Trans. Faraday Soc., 1941, 37, 377. 

7 Bichowsky and Rossini, Thermochemistry of Chemical Substances (New York, 
1936). 

• Dwyer and Oldenburg, J. Chem. Physics , 1944, 12 * 357* 
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(b) The value of (£ 0lH + S 0>H -) can be obtained from the following 
cycle. 


(HA), 

-A - 5h*ob 

(HjO t )aq. 


- £>H 02 ■ . . H 


H -f 0 2 H 


Ir + EotR 


H+ + OjH“ 


+ <Sh + 


l+SotBT 


*(H + ) a q.+ (O a H“)aq. 


Q — — A — 5 H2 o 2 — D H02 . . H ™ Ir + Sh + + (E 0iH + SoaH-)- 
The value Q = — 8*2 kcal./mol. is given in § i of this paper. The latent 
heat of vaporisation of pure H a O a is given by Bichowsky and Rossini 7 
as -f ii* 6 kcal./mol. ; S the heat of dilution of pure H a O a from our own 
experiments, is f 074 kcal./mol. 

The value of l ) tt02 . . . H corresponding to the heat of the reaction 

H a O a HO a 4- H - D n02 . . . H 

is uncertain. On the assumption that the energy of the -O-O- bond 
is the same in HO a as in H a O a a value of D HOt ... H of 100 kcal. is 
obtained. Sokolov,* however, suggests that the energy of the 0-0- bond 
in HO a is increased by about 2 kcal. over that in H 2 O a . 10 This 
would give a value of Z> HOj . . . H of 102 kcal. Walsh 11 on the other 
hand suggests a value of the energy of the -0-0- bond in HO t of 
80-90 kcal. which would lead to a value for D n02 . . . H of 70-80 kcal. 
Using the above values for the bond energy, the values of (E 0%n + ^o^h-) 
obtained range over 136 to 106 kcal. It is not possible at present to 
give a more certain value of (E 0aH 4- S 0aH _). 

It is interesting to compare the entropy change of dissociation of H a O 
and H a O a . The thermodynamical constants at 20° C for the two reactions 
are given in Table III. 


TABLE III 


Reactions 

pK 

AH (kcal.) 

AS (cal./deg.) 

AG (kcal.) 

ir a o * ii,o+ 4. oh- 

15-81 

137 

— 25*5 

21-2 

II 2 0 2 ■ > U a O< + HO£ 

“75 

8-2 

-257 

15-8 


We note that the difference in AG° is determined almost entirely by 
the difference in A H° and that the value of A5° for the two reactions is 
practically identical. This would seem to indicate that the solvation 
of the two ions OH~ and 0 2 H~ in water is very similar and that the differ¬ 
ence between (E 4- S) for OH and O 2 H is mainly a difference in the electron 
affinity. 

The Electron Affinity of Oxygen.— (a) A value of this can be ob¬ 
tained from the cycle, 

m. + o, - -'“t** . m+ + oi 

t 

-*„! 

1 Q 1 

(M). + o, —-► (M+Oi). 

if the latent heat of vaporisation A of the metal M, the ionisation potential 
I u of M and the heat of formation Q of the ionic (M+Oj) can be calculated. 

•Sokolov, Acta Physicochim., 1944, * 9 » 208. 

10 Skinner, Trans . Faraday Soc., 1945, 41. 645. 

Walsh, /. Chem. Soc., 1948, 331. 
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The heats of formation of KO a , RbO s and Cs0 2 have been determined 
as 67*5, 68-8 and 70*5 kcal. respectively. 7 ’ 12 

The crystal structure of these solids have been investigated by Helms 
and Klemm. 18 The solids have been found to be of the sodium chloride 
type, the 0 2 ion is, however, an asymmetric ion having a major axis 
of 4-04 A and a minor of 3*02 A. The asymmetry of the ion necessitates 
an evaluation of the Madelung constant for such a lattice. This was 
determined by summing the terms z 2 e*/d for the interaction between the 
ion at the origin and the other ions within a cube, the faces of which cut 
through the planes of atoms, and summing the rapidly converging energy 
series which is obtained by this method, when the cube is extended. The 
recent investigation by Helms and Klemm referred to above provided 
us with the necessary interionic distance. The lattice energy U 0 is given 
by 

r _ Ne 2 A / i\ 

0 ~ + U V 1 n) 

in which N is Avogadro's number, A = 1-644 the Madelung constant 
for this distorted sodium chloride type lattice, y M + the radius of the positive 
ion, r mt the minor radius of the oxygen ion and n, the Bom exponent, 
— 10. Table IV gives the data used in the Born-Haber cycle, the cal¬ 
culated lattice energies and the resulting electron affinity of the oxygen 
molecule in the gas phase. 

TABLE IV 


Solid 

| 


C> 


V • 

Eo% 

Mean £o* 

ko 2 

21-7 

CJQ-C) 

67*5 

i ‘33 

172-2 

l6-6 


Rb0 2 

TO-Q 

95 *‘> 

68-8 

1-48 

168-2 

16-4 

^ 15-8 

CsO a 

10-1 

89-4 

70-5 

i-t>9 

164-5 

M ’5 

J 


The solvation energy of the Go ion has been calculated assuming 
free rotation of the ion in solution, and treating the ion as a sphere of 
average radius 1-70 A. The value obtained in this way is 70-0 kcal. 
Thus the value of (E -p S) 02 = 85-8 kcal. 

(6) The second electron affinity of the oxygen molecule can be ob¬ 
tained from a similar cycle to the one above involving the heats of forma¬ 
tion of solids of the type M++0£. The crystal structures of the Ba, Sr 
and Ca peroxides have been determined by Bernal and all have the calcium 
carbide type lattice. The O a ion is an ellipsoid with major and minor 
axial diameters of 5-12 A and 3-34 A respectively. The Madelung con¬ 
stant of such a lattice has been evaluated as 1-636 and in the same way 
as used above the lattice energies have been calculated. Table V gives 
the data used in the Born-Habcr cycle and the resulting values of the 
energy change in the reaction, 

O* 4- 2 e -* O7 -f- Ii la . 

TABLE V 


Solid 



Q 


v 9 

Sit 

Mean E lt 

BaO, 

49*1 

349-0 

144-2 

1 '36 

647 

-104-7 


SrO, 

47*o 

383-8 

154*9 

1*13 

998 

~ii5*5 

> -U2-5 

CaO, 

475 

412-9 

155*5 

o-99 

735 

“117*3 

J 


12 Machu, Das Wasserstoffperoxyd und die Perverbindungen (Wien, 1937). 
18 Helms and Klemm, Z. anorg. Chem., 1939, 241, 97. 
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It is interesting to note that whereas the first electron affinity of the 
oxygen molecule in the gas phase is positive the sum of the first and second 
electron affinities is negative. 

We have evaluated the heat of solution of the O; ion in water using 
a mean ionic radius of 1*97 A as S 0t — 210 kcal. Thus we have 
(£1. + S 0t ) = + 97*5 kcal. 

From these figures we would expect the second dissociation of H,Oj to 
be extremely small due to the high endothermicity ^ 100 kcal. of the 
step, 

HO; H+ + Oj. 


Chemistry Department, 
The University, 
Leeds. 


THE [Fe(OH)] + 1 2 AND [Fe(0 2 H)]+ 2 COMPLEXES 

Bv M. G. Evans, Philip George and N. Uri 
Received 6 th September , 1948 

The properties of an ion pair complex between Fe +3 and O a H~ ions in aqueous 
solution are described for the first time. The equilibrium constant and the 
thermodynamical quantities A G°, A H u and A S° are evaluated and compared 
with those for the complex Fe +3 OH*\ The absorption spectrum has been 
measured and the differences between this spectrum and that for Fe +3 OH~ are 
discussed, on the assumption that both are electron-transfer spectra, in terms 
of the electron affinities of OH and O a H. 


Rabinowitch and Stockmayer * have measured the absorption 
spectrum of the complex Fe +3 OH“ in aqueous solution and combin¬ 
ing this result with the data of Bray and Hershey 8 have determined the 
thermodynamical quantities A G°, A H° and AS 0 for the reaction, 

Fe +a + OH- ^ Fe+ 3 OH“. 

In this communication we report a similar investigation for the complex 
Fe+ 3 0 2 H-. 

Experimental and Results 

Aqueous solutions of ferric ions and concentrated hydrogen peroxide have a 
deep brown colour under conditions where the colour due to the [Fe +s OH~] 
complex is negligible. We have investigated the dependence of the intensity 
of this colour on the concentration of ferric ions, hydrogen peroxide and on pH. 
At the very low concentration of ferric ion at which we have worked the rate 
of decomposition of H a O a is slow and does not interfere with the measurements. 

The optical density has been measured by means of a photocell colorimeter 
using a 4 cm. cell and the Ilford filter 601 corresponding to the spectral region 
of 430 mp. The hydrogen ion activity was measured in the equilibrium system 
by means of a glass electrode. 

At constant H a () a concentration and constant H + activity the optical density 
of the solution is a linear function of the initial ferric ion concentration (Fig. 1). 
At constant ferric ion concentration and H + activity the change of the optical 
density with H a O a concentration is shown in Fig. 2 up to a concentration of 
H,O a - 33 M. 

Fig. 3 shows the change of optical density with change of pH and we note 
that increasing pH increases the optical density. These general observations 

1 Rabinowitch and Stockmayer, J. Amer. Chem. Soc., 1942, 64, 335. 

3 Rabinowitch, Rev. Mod. Physics, 1942, 14, 112. 

3 Bray and Hershey, J. Amer. Chem. Soc., 1934, S 6 » 1889. 
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are consistent with the assumption that the colour is due to the formation of a 
complex Fe +a (0,H-). In these solutions therefore, we are dealing with the 
equilibria : 

Fe +8 -f OH - ^ [Fe+*OH-], K x 
Fe + * + O t H- ^ [Fe +8 0 1 H“]» K % 

HjO, ^ H,+0 4- O.H-, K, 

HjO^Hj+O 4- OH-, K m . 



Fig. 1.—[HjOJ = 9M, /* = o*i, t ~ 20° C, pH — 1*77. 

4 cm. cell, Ilford Filter 601 (430 mp). 



Fig. 2.—[Fe +8 ] 0 « 5 x 10- 3 M, [HC10 4 ] - 0-5 M, / = 20° C, 
4 cm. cell, Ilford Filter 601 (430 m/*). 


The concentration of [Fe +8 O s H“] is given in terms of the initial Fe + * ion con¬ 
centration [Fe +8 ]o by 


whence 


_[F e+ 8 O t H-] _ 


= *,[0,H-] 


[Fe+»O t H-] = 




1 + X,[0,H-](i 


K± [OH-] \ 


(1) 


(2) 
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The work reported in the previous paper 4 on the evaluation of the dissociation 
constant for H a O a enables us to test cqn. (2) on the assumption that the optical 
density of the solutions is a linear function of Fe 43 O a H-. 



We sec from eqn. (2) that (a) the optical density should be linear with respect 
to the initial ferric ion concentration [Fe 43 ] 0 as found (see Fig. 1) ; ( b ) at low pH, 
where 


(K 2 [0 2 H-] + K x [OH']) I, 

the optical density should be linear with respect to O a H- (see Fig. 3 (b)). The 
concentration of 0 2 T1~ may be varied either by a change of H 4 at constant 
H 2 0 2 or by a change of H 2 0 2 at constant pH. The first variation is shown in 
Fig. 3 and the second in Fig. 2. Eqn. (2) is only applicable up to H 2 0 2 of about 
10 M, where the superacidity effect already referred to becomes marked. We 
wish, however, to draw attention to the very marked increase in the optical 
density above 15 M. The reasons for this change, which might arise from the 
formation of a ferric perhydrate, we do not fully understand at present and we 
have limited our discussion to these concentrations for which eqn. (2) is applicable, 
(c) At high pH and high H a O a where 


A a [O a Hi > 1 + KJOR-} 

the optical density should become independent of the pH (see Fig. 3). 

Since the molar extinction coefficient of [Fe +8 0 2 H~] is unknown eqn. (2) 
ca ^ n ?^ : ^ use d to obtain an absolute value of the concentration of Fe +s O a H~ 
and hence a value of Jf 2 . We can, however, obtain a value of K 2 from the 
optical density 8 of two solutions differing only in H 4 ion activity. Eqn. (2) 
could be expressed ' 


8 oc [Fe 4S O a H-] « 


(1 


K K [H.OJ 


+ W-5^J(.+ 


[Fe +S ] 0 




4 Evans and Uri, Trans. Faraday Soc., 1948, 44, 224. 
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and since the concentration of Fe+ 8 ion is 5 X io~ 4 M compared with H« 0 2 ~(jM 
and H a O ^ 45 M, the equilibrium concentrations of H 2 O a and H 2 0 are the 
same as their initial concentrations. Hence by comparing optical densities of 
solutions differing only in H + activity we have 


1 + k % k 9 




[H.oj/ 

a>a ’Th^T 


kg) 

k*y 


r, ... 

a 2 -- 




[H + ],tH+]j 


(»i - ».) [H,OJ 


K, [H t Oj]' 

The measurements were made in the presence of NaC 10 4 as neutral electrolyte 
and the ionic strength of the solutions was o-x. 

From 15 combinations of pairs from a series of 6 experiments in the pH 
range 1 to 2 where eqn. (3) holds, the average value of K 2 obtained was 

K 2 — 2-05 (± 0-4) x io 9 

at 20 0 C. The fluctuations of about 20 % due to the inaccuracy involved in 
the constants J\\ and h\ as well as to the experimental method itself are indicated 
in brackets. The value of K p used was that given in the previous publication 
(K p — i-yS X io~ 12 at 20° C) and the value of h\ that determined by Bray and 
Hershey 3 (K 1 ~ 5 X io 11 at 20° C). 

Colorimetric measurements have been made at various temperatures in the 
range 7-5° C to 40° C. These measurements together with the known tem¬ 
perature dependence of K p have enabled us to calculate the temperature depend¬ 
ence of K 2 (Fig. 4). Table J gives the value of A^°, A H° and A 5 ° for the formation 



/O' /S° 


20° 25 9 SO 9 JS * 40 

1 IT 
Fig 4. 


of the Fe +3 0 2 H~ complex and these are compared with those corresponding to 
the formation of Fe+*OH-. * 
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TABLE I 


Reaction 

AG* at 20* 

AH* i 

AS* 

(kcal./mol.) 

(kcal./mol.) 

(kcal./mol.* C) 

Fe + * + O.H- Fe^O,H- 

-12-5 

1-8 ± o-6 

+49 

Fe+* + OH - -*■ Fe +, OH- 


—1*2 ± I 

+50 


The S-shaped form of the relation between the optical density $ and pH 
leads to a maximum slope at a hydrogen ion concentration given by 

[H+W = K x K,[K t O t -\ + 

Under these experimental conditions where 

*•*•»■**■ $$3 

the above condition is approximately 
[H + ]m, x . = 

This maximum occurs at pH ~ 1-5 for [H s O,] = qM. In the absence of hydrogen 
peroxide, i.e. for the Fe +s OH~ complex, the maximum slope occurs at pH ~ 3-0. 



300 350 400 450 500 550 600 

I I I I 1 I I 


A -- Fe+ 8 OjH- B = Fc+*OH- 

Fig 5. 

The maximum corresponds to the point at which 

[Fe+ , (OjH _ )] [Fe+»OH-l 

[Fe +S ] " I>or -*’ 

i.e. to the point at which 50% of the ferric ions present are converted into the 
complex. 
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With the association constant of [Fe(H0 2 )] ++ established, the absorption 
spectrum of the complex was determined by means of a spectrograph combined 
with a Hilger sector photometer. Below 370 a correction for the H t O^ ab¬ 
sorption had to be made. The absorption curve, which is presented in Fig. 5 
is in its shape characteristic of an electron-transfer spectrum (cf. Rabinowitch *), 
but it differs from the [Fe(OH)] + + curve obtained by Rabinowitch (loc. cit.) 
in the following features. Its maximum shows a red-shift of about 40 m/x 
(310-350), and furthermore the absorption in the visible region is considerably 
larger. For the purpose of comparison both curves were put on to one figure. 
At 430 mu the wave length at which the optical density was measured the 
approximate molar extinction coefficients for [Fe(HO a )]+ + , [Fe(OH)] ++ and 
[Fe(H a O) a ] +++ are 500, 20 and o*i respectively. 

Bonnson and Robertson 6 stated that a violet colour was formed when ferric 
ions were introduced into concentrated hydrogen peroxide which they erroneously 
(as it seems) attributed to the formation of ferrate. As a matter of fact we have 
also obtained this colour when we worked with a.r. H a O a supplied by B.D.H. 
It was observed, however, that this violet colour disappears within a short time, 
the rate of disappearance being dependent on pH of the solution. Since neither 
is H 2 0 2 considerably decomposed nor does ferric ion disappear in this interval 
of time, any real reaction product of ferric ion and hydrogen peroxide in equili¬ 
brium with the reactants would be maintained at an equilibrium concentration. 
Our assumption was that this colour might be due to impurities caused by 
traces of aromatic hydroxy-compounds contained in the H 2 0 2 , which gave a 
similar colour reaction with ferric ions. Moreover, these hydroxy-compounds 
are not oxidised by H a O a itself whereas they are rapidly destroyed by a 
Fc +++ — H 2 0 2 mixture. Further evidence to support this assumption is brought 
forward : (i) by the fact that no similar colour was formed when a sample of 
H 2 Oj obtained by distillation of the a.r. sample was used ; (2) that by the addi¬ 
tion of sodium salycylate not only was a similar violet colour obtained, but even 
the rate of disappearance of the colour showed a similar dependence on the 
pH of the reaction mixture. 


Discussion 

1. In our discussion of the dissociation constant of H a O a we remarked 
on the fact that the entropy change of the reaction was practically identical 
with that for the dissociation of water. This observation implied that 
the entropy of the O a H~ ion in aqueous solution is very similar to that 
of OH - . It is interesting therefore to note that in the comparison given 
in Table I the entropy change of the formation in aqueous solution of the 
ion pair Fe+ 3 O a H~ is very close to that for the formation of Fe +8 OH~ 
again emphasising the similarity of these ions OH" and O a H~ in an aqueous 
solution. 

2. We note that the maximum of the absorption spectrum curve of 
the complex Fe +3 O a H- as compared with that for Fe +3 OH" is displaced 
towards the red by a wave-length difference corresponding to approxim¬ 
ately 10 keal. Rabinowitch 2 has attributed the absorption spectrum 
in the case of the Fe^ 3 OH" complex to the electron-transfer process, 

Fe+ 3 OH" -* Fe+*OH. 

The energy change Ac, involved in this process will be given by 

Ac, = — Atf Fe +>oH- 4 * ^re+* — ^oh — ^oh— h Son 4 * Qi 

in which AH Fe+*oH- is the heat of formation of the ion pair Fe+ 3 OH" from the 
separated ions (Fe+ 3 ) aq . and (OH~) a q., E 0 h the electron affinity of the OH 
radical in the gas phase, S 0H ~ and •Son the heats of solution from the 
gas phase of the OH" ion, and radical respectively, Ipe+* the ionisation 
potential of Fe+* in aqueous solution and Qi the energy change required 
to bring the separated particles (Fe +I ) aq . and (OH) aq . into a configuration 
identical with that of the (Fe +3 OH~) ion pair. 

If we assume that in the case of the Fe +3 O a H~ complex the adsorption 

5 Bohnson and Robertson, /. Amer. Chem. Soc.,j. 923, 45, 2493. 
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spectrum, in the region of the maximum at least, arises from a process 
similar to that described above, the energy change Ac a is given by 

Ae a = — AHi-e*»o 9 H- + ^Fe +a — -Fo,h — ■So t H- "F ^°a H + 0** 

and 

(Acj — A«j) = — (Atfj^OH- — A// Fe + 8 OjH~) — (F oh — -Fojh) 

( 5 0 h-So 2 h-) + (^oh ~ So*h) + (0 i *— 0 a)* 

In this equation we know the following terms : 

(AHjrv+ioH -Aif F e+3 0l u-) = (— i*2 — i-8) =* — 3«o kcal. 

On the assumption that the heats of solution of OH and O t H radicals 
are identical with those of H a O and H 2 0 2 respectively : 

( 5 0H - S 0>H ) ** ( IO ‘ 6 ~ I2 * 3 ) = ““ I# 7 ^ cal - 
The term (E 0B + S 0 n-) — (£o,h -f So,h-) is much less certain. We 
are here dealing with ail absorption process in which the position of the 
centres is unchanged whereas in estimating the value of the term 
(£o*h — SojH-) from the cycle based on 

H 2 O a -> H HO2 -> (H+)aq. + (HOj - )aq.> 

changes in the internuclear separation of the centres are taken into 
account. On the basis of the previous paper, however, it is clear that 
the term (E ou -f S 0 h-) — (E 0i n So 2 u-) is positive to at least a value 
of ii kcal., which would correspond to the observed shift in the absorption 
maximum from 310 to 350 m/x. 

It is interesting to note that the change in the maximum of the ab¬ 
sorption spectrum does follow at least qualitatively the change in the 
electron affinity plus solvation energy between OH and O a H in the same 
way as found by Rabinowitch in the change from Fe 43 Cl~ to Fe +3 Br*\ 

3. There is, however, in the case of Fe ^ 3 6 2 H" a very marked absorption 
in the whole visible spectrum which is not observed in the case of Fe+ 3 OH-. 
We hope to discuss this point in a subsequent publication. 

Chemistry Department, 

The University, 

Leeds. 


THE HEAT OF THE REACTION BETWEEN FERROUS 
IONS AND HYDROGEN PEROXIDE IN AQUEOUS 

SOLUTION 

By M. G. Evans, J. H. Baxendale and N. Uri 
Received 6 th September, 1948 

Experimental determinations are reported on the heat of reaction between 
ferrous ions and hydrogen peroxide in aqueous solution. These results lead to 
a value of 38 kcal. for the heat of the reaction of 

2 Fe+ 3 -f H a 0 2 = 2Fe+ 3 -f 2OH-. 

This value, together with the quantities used in the previous publications, enables 
one to obtain a value for the ionisation potential of ferrous ions in aqueous 
solution which is in good agreement with the value obtained by other methods. 


In the preceding publications we have discussed values for the heat 
of dissociation of H*O t into OH radicals, the electron affinity of OH 
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radicals and the heat of solution of Oil- ions. By direct thermochemical 
measurement of the heat of the reaction 

zFe 12 + H 2 O a -f 2H+ 2Fe 43 4- 2H a O 

we can obtain some confirmation of the correctness of the values adopted. 

Experimental 

The experiments were carried out in a calorimeter consisting of the thermally 
insulated reaction vessel (of 500 ml. volume) which was covered by a rubber 
stopper containing a number of holes for a Beckmann thermometer, a stirrer, 
an inlet tube and a heating coil for electrical calibration. Both the reaction 
vessel and the inlet tube were filled with the reacting liquids, after the latter 
were slightly warmed and kept constant at 25 0 . The inlet tube was enlarged 
at its bottom end to a sphere which was entirely immersed in the reaction liquid 
so that the solution (normally 20 ml.) to be poured from the sphere of the inlet 
tube into the reaction vessel would for all practical purposes keep the same 
temperature as the bulk of the liquid in the reaction vessel during the cooling 
period of fifteen minutes preceding zero time. At zero time the sphere of the 
inlet tube was broken by means of a glass rod. The composition of the reaction 
mixtures as well as the observed values for A T are shown in Table 1 . 

TABLE 1 

Experiment AT 

(1) 230 ml. [N HC 1 G 4 \- 0*05 M 1 I 2 0 2 ] diluted with 20 ml. 

1*40 M FeS 0 4 (containing 0*01 N HC 10 4 ) . . -j- 2*27° 

(2) Expt. (1) repeated . . . . . .4-2*23° 

Mean AT = 2*25° 

(3) 2^0 ml. N IIC10 4 diluted with 20 ml. I1 2 0 . . 4- 0*02° 

(4) Expt. (3) repeated.4~ 0*04° 

(5) 230 ml. N 11C10 4 diluted with 20 ml. FeS 0 4 (1*40 M) 

(containing o*oj N 11 C 10 4 ) . . . . — °’47° 

((>) Expt. (5) repeated 0*44° 

Two calibration experiments gave in exact agreement 1 keal. ~ AT — 3*55°. 
The differences in the specific heat in the final reaction mixtures (wdiich all 
contain JN HC 10 4 ) are negligible. 

As Haber and Weiss 1 pointed out, no hydrogen peroxide is decomposed 
when ferrous sulphate is poured into dilute hydrogen peroxide (no local excess 
of H 2 0 2 is effected by this procedure, which might cause OH radicals produced 
in the first step to react with H a O a rather than with X'e+- 1 ), and the stoichio¬ 
metric ratio AH 2 0 2 /AEe ,+ - 0*5. It has also been found that H+ ions inhibit 
the cycle reaction leading to O z formation. With the mixing procedure adopted 
and the acid concentration of N HC 10 4 any decomposition of H 2 0 2 seems to be 
practically excluded. By this high initial acid concentration only a com¬ 
paratively small change is effected by H + consumed in the reaction. We 
therefore obtain for reaction (1) from the results of Table I : 

Direct measurement ...... A 7 ' 4 2*25 

Correction for acid dilution .... AT - 4- 0*04 

Correction for FeS 0 4 dilution .... AT — -- 0*47 

Corrected value . . . . . . . AT — -| 2*68 


The negative heat of dilution of FeS0 4 is remarkable. Since the small 
positive heat of acid dilution is included in Expt. (5) and (0) the value obtained 
in (5) was used for the correction instead of the mean of both experiments. 
From AT = 2*68° wc obtain for the heat of reaction (1) 


2*68 

3*55 X 1*15 


10* =~ 65*5 keal. 


Taking into account the experimental precision, the value of 65*5 keal. may 
be regarded as accurate within ± 3 % (corresponding to ± 2 keal.). With 
the known value for the heat of neutralisation one obtains for the heat of the 


reaction, 
a value of 


2Fe a + 4- H|0 2 

38 keal. 


2Fe 3 + 4- 2OH-, 


1 Proc. Roy. Soc. A, 1934, 147, 33^. 
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Discussion 

We can express the heat of the reaction 

2 Fe+ 2 + H 2 0 2 -v 2Fe+ 3 + 2OH- 
in terms of the following cycle : 

2 (Fe ,2 )aq. + (H 2 0 2 )aq.-► 2(Fe 43 )» q . 4 - 2(OH~)aQ. 

21 ~ ^ + ^IfcOa + 2 ( E + S )oh 

i 

2(Fe +3 )aq. 4 ze + (H 2 0 2 ),-► 2 (Fe + 3 )aq, -1" 2 e + 2(OH) ff 

“^HOOH 

hich the symbols have the following significance— 

I = ionisation potential of Fe+ 2 ions in aqueous solution; 

X — latent heat of evaporation of H 2 0 2 ; 

5 — heat of solution of H 2 0 2 in aqueous solution ; 

D — heat of dissociation of H 2 0 2 -> 2HO in the gas phase ; 

- S) — electron affinity of the OH radical plus the heat of solvation 
of the OH ion. 

; 38 — y — 2/ — (^Ha0 2 + SriO*) ~~ -DflOOH H" ‘f* tyoil- 

n previous publications we have referred to the evaluation of 
S Hs0gl and + S) oh- The heat of the reaction 
HO - OH -> HO + OH 
)e obtained from the cycle : 

H, + 0 2 —H s O, 

- i) H , - D 02 ^ho—oh 

* ^OH 

2 ll + 20 -* 20H 

Q “ — D H2 — D 02 4 zDq — H + D U0 __ 0II 

The value of Q which has been experimentally determined is given by 
Bichowskv and Rossini 2 as 33-6 keal. The work of Dwyer and Olden¬ 
burg 3 gives a value for the term D 0 _ H - ioo-i keal. Using these values 
together with the value D„„ — 104*1 4 and D 0 „ = Ti8*2 f> we find 
Ato-cm -= 557 keal. 

A similar calculation has been made by Skinner 5 for an evaluation 
of the various bond strengths involved and these values lead to 56 keal. 
for the heat of the above reaction. Another cycle can be built on the 
reaction 

Ii 2 0 2 -* H a O 4 * |0 2 4 24*2 keal. 

Using the above values and the value D H _ 0H — 120*7 keal. from the 
heat of formation of water, 2 this leads to a value of 55*5 keal. The average 
of the observations is 55*6 keal. 

Recently a value of 50*9 keal. has been suggested by Hold, McLane 
and Oldenburg. The difference of approximately 5 keal. arises out of 
small discrepancies between their heat values for 

H a H 4 H, H a O a -> H a O -f £O a , and HOH ->H -f OH, 
and those adopted by us. 

2 Bichowsky and Rossini, Thermochemistry of Chemical Substances (New York, 
1936 )- 

1 Dwyer and Oldenburg, / Chem. Physics, 1944, 12, 357. 

* llcrzberg, Molecular Spectra and Molecular Structure (1939). 

5 Skinner, Trans. Faraday Soc., 1945, 41, 645. 

• Hold, McLanc and Oldenburg, J. Chem. Physics , 1948, 16, 229. 
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The values we adopt are : 

A 11*02 “ 11*6 kcal., Sh 2 02 == °*7 kcal., D H()0H — 55*6 kcal. 
and (E -1- S) 0H = 147*6 kcal. 

These measurements therefore lead to a value of I : 

I = i|(—- Q — A Ha0a — 5 H20a — D uoon -j- 2 (E -f- 5) OB ) 

— 94*7 kcal. 

Values of I can be obtained from the following measurements : 2 
(a) (1) Fe+*(aq.) -f Ag-*(aq.) -> Fe+ 3 (aq.) -f Ag (s) + 8-7 kcal. ; 

(2) H+ -f- Ag (5) Ag + (aq.) + J H a — 25-2 kcal. ; 

and 

(b) (1) Fe + * (aq.) + i Hgi 2 (aq.) -* Fe+ 3 (aq.) + Hg (/) + io*o kcal. ; 
(2) H+ + Hg (l) -> hHgp + JH a - 20*0 kcal. 

In view of the possible complications involved in reactions (b) arising 
from the association of the HgJ 2 ion, the disaproportionation equilibrium, 

Hg£ 2 = Hg -I- Hg-* 2 , 

as well as the anomalies in the dissociation of mercury salts, we consider 
the value obtained from (a) to be the more reliable. 

Using the value of 

H+ (aq.) -j- e -> £H a -f 82 kcal. 

we obtain 

Fe+ 2 (aq.) -> Fe+ 3 (aq.) -j- e — 98-5 kcal. 

Another approximate evaluation of I can be obtained from the e.m.f. 
of the cell 


Fe+ 2 + H+ Fe+ 3 4- £H a 

which corresponds at a temperature of 25 0 C to a free energy change of 
AG =17 kcal. Neglecting, in this approximation, the entropy change 
which may correspond at most to about 5-6 kcal. and identifying the free 
energy change with the change in heat content we obtain a value of 
99 kcal. The entropy change in the above reaction is negative and thus 
reduces the value of I to approximately 95 kcal. 

We conclude therefore that the values of the individual terms we have 
chosen in the above thermochemical calculations are well-based and 
reasonable estimates. 

Chemistry Department, 

The University , 

Leeds . 



AN EVALUATION OF THE DIFFUSION COEFFICIENT 
FOR CHLOROFORM IN POLYSTYRENE FROM 
SIMPLE ABSORPTION EXPERIMENTS 

By J. Crank and G. S. Park 
Received jth October, 1948 

Experimental data for the rates of sorption and desorption of chloroform 
by polystyrene sheet are presented. Diffusion is considered to be the rate- 
controlling process and the diffusion coefficient is found to vary considerably 
with concentration of chloroform. The diffusion coefficient-concentration rela¬ 
tion is derived from the sorption-time curves by a new method. 


It has been known for some time that in many systems diffusion pro¬ 
cesses do not obey Fick’s law of diffusion, and that for systems in which 
one component is a high polymer the deviations are often considerable. 
The deviation which arises frequently is one in which the diffusion 
coefficient varies with concentration of the diffusing substance but is not 
otherwise a function of the space or time variables. The present paper 
describes a method of studying such a variation quantitatively. The 
method is applied to the diffusion of chloroform in polystyrene. 

The measurement of a variable diffusion coefficient is not an easy matter, 
firstly, because there are considerable experimental difficulties and secondly, 
because the formal mathematical solutions of the diffusion equation, 
which exist for the non-steady state, only apply to the case of a constant 
diffusion coefficient. The two main kinds of experimental methods which 
have been used are both designed to avoid the necessity of solving the 
diffusion equation in the subsequent evaluation of the diffusion coefficient. 
The first involves the analysis of data giving the concentration of diffusing 
substance as a function of time and distance. Thus Neale and Garvie 1 
have obtained the diffusion coefficient for the dye Sky Blue FF in Cello¬ 
phane sheet by analysing a number of concentration-distance curves 
for various values of the time variable. Matano 2 * showed, for the inter¬ 
diffusion of two metals that, provided each metal is effectively semi- 
infinite in extent, the diffusion coefficient-concentration relation can be 
obtained by analysis of a single concentration-distance curve at a fixed 
time. This mathematical analysis has recently been applied to con¬ 
centration-distance curves obtained by an interferometric technique in 
a study of the diffusion of solvents and swellers into cellulose acetate. 8 
It appears that a comparable method, using a single concentration-time 
curve at a fixed spatial co-ordinate, could be used for determining the 
diffusion-concentration relationship, though no instance of the U9e of 
such a method is known to the authors. The mathematical analysis 
involved in these methods is simple but the measurement of concentration- 
distance-time data usually demands a refined micro-analytical technique 
and for low diffusion coefficients the time needed to carry out a number 
of successive experiments of this kind becomes prohibitively long. 

The second kind of experiment is based on measurements of the flux 
of material through a membrane under steady-state conditions, i.e. when 
no material is accumulating at any point in the membrane. King 4 has 

1 Neale and Garvie, Trans. Faraday Soc., 1938, 34, 335. 

a Matano, J . Physics, Japan, 1932-33, 8, 109. 

* Crank and Robinson (not yet published). 

4 King, Trans. Faraday Soc., 1945, 41, 479. 
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applied this method to the diffusion of water through horn keratin and 
has shown that if jF(C 0 , C x ) is the flux of material through the membrane 
when the concentrations at the two sides of the membrane are C 0 and C t 
respectively, then 

F(C e ,C0 =i f Cl D(C)dC.(1) 

* J C 9 

where l is the thickness of the membrane and D(C) the diffusion coefficient 
is a function of concentration C. On differentiating (1) with respect 
to C 0 , keeping C x constant, we have 

D(C.) = - 1 ±F(C.,C,) .(2) 

so that if F is measured for a number of different values of C 0 keeping 
C x fixed (usually for convenience C x = o), the diffusion coefficient may 
be obtained by use of (2). Unfortunately, the apparatus needed for such 
experiments tends to be complicated and this is especially so for low 
values of the diffusion coefficient. Furthermore, for these low values 
the time that must elapse before a steady state is achieved is very great 
(for a membrane 0*03 cm. thick and D having the constant value io~* 
cm.* sec." 1 the time is of the order of 10 days). Thus in order to carry 
out a number of experiments of either of the above general kinds in a 
reasonable time, several sets of apparatus would be required to run con¬ 
currently and often this is not possible when the apparatus is complicated. 

For these reasons it was decided to explore the possibilities of obtaining 
the diffusion coefficient-concentration relation from the comparatively 
simple measurements of overall rate of absorption curves. No exact 
relation similar to eqn. (1) has been deduced for the non-steady state, but it 

0 

has been shown elsewhere 5 that an approximation to l D dC can be ob- 

J 0 

tained from absorption-time curves, so that analysis of a number of such 
curves for different regains C 0 at the surface of the sheet or membrane 
allows the D-C relation to be deduced by a differentiation analogous 
to that of eqn. (2). 

The rate of uptake of chloroform by polystyrene has been measured 
at various partial pressures of the former and the method suggested has 
been applied to the absorption-time curves. The order of the error 
involved in applying the approximate relation to this system is examined 
and used as a basis of a method of successive approximations by which 
the diffusion coefficient-concentration relation can be obtained to any 
degree of accuracy warranted by the experimental data. 

Experimental 

Materials.-— The polystyrene used was obtained from B.X. Plastics in sheet 
form under the trade name Styrafoil. It was of the order of o*i mm. thick 
and its density was found to be 1*051 g./cm.*. Its intrinsic viscosity [ij] in litres/ 
base mole at 25 0 C in toluene was 1197 and hence, using the relationship, 

hi = 3*04 X io-» M°**», . . . . (3) 

obtained by Bamford and Dewar,* where M is the “ viscosity average " mole¬ 
cular weight, a value of 340,000 is obtained for the molecular weight. 

The chloroform was of a.r. quality. The methyl alcohol, present as an 
oxidation inhibitor, was removed by refluxing with phosphorus pentoxide followed 
by distillation. The purified material was kept in a dry state. Dibutyl phthalate 
used as a diluent for the chloroform was technical material. It was dried over 
calcium chloride and was then purified by distillation under reduced pressure. 
Only the middle fractions were used in these experiments. 

6 Crank and Henry, (submitted for publication). 

• Bamford and Dewar, Proc. Roy. Soc. A, 1948, 192, 329. 
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Procedure. —Rectangular pieces of polystyrene sheet were suspended in 
vessels each containing an atmosphere maintained at a fixed partial pressure 
of chloroform by means of dibutyl phthalate-chloroform mixtures, and kept in 
a thermostat at 2.«C*. The partial pressure of chloroform was different in each 
vessel. The mass of each polystyrene specimen was estimated from time to 
time by rapid weighing on an aperiodic balance. This weighing did not ap¬ 
preciably disturb the system as its duration was of the order of seconds in ex¬ 
periments lasting from two to sixty days. The thickness of each specimen 
was estimated from its area, dry weight and known density. 

The Effect of Still Air. —It may be argued that since the presence of air 
produces a gradient of concentration of chloroform vapour in the diffusion 
vessel, this could be the cause of the variation in the rates of uptake of chloro¬ 
form which are shown in Fig. i and discussed later in the paper. It is easy 



Fig. i.—R ate of uptake of chloroform by polystyrene sheet at 25 0 C. 


to see, however, even in the worst case, i.e. when the rate of sorption is highest, 
that the gradient of chloroform concentration in the air is negligibly small. 
Thus a rate of transfer of chloroform of 2 mg./hr. corresponds to a gradient of 
about 2 x 10- 4 mg. cm,- 2 , taking the diffusion coefficient of chloroform in air 
to be approximately o-t cm. 2 sec.” 1 . This gradient is negligible since the equili¬ 
brium concentration of chloroform in the air is of the order of 0-5 mg. cm.” 3 . 
An attempt to estimate the effect of air was made by carrying out one experi¬ 
ment in a vessel from which all air had been removed. The results of this ex¬ 
periment arc shown in Table I. Other conditions were the same as for the ex¬ 
periment carried out in the presence of air and it is seen that even in this case 
of a high chloroform concentration, no effect of air can be detected. 


TABLE I.—Effect of Air on the Rate of Uptake of Chloroform by 
Polystyrene Sheet at 25 0 C 


Experiment 

% Regain of 
Chloroform 

/// s x io-» sec./cm.* 

In presence of air 

1*9 

0-0893 


3*3 

0*193 


6-1 

0-483 

In absence of air ..... 

3*3 

0-194 
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Results and Discussion 

The Effect of Heat of Sorption. — King and Cassie 7 have shown 
for the rapid uptake of water vapour by wool, when the effect of air is 
removed, that the rate-determining step of the sorption process is the 
rate of loss of heat of sorption from the wool material. That this is not 
likely to be the case in our experiments is evident from a consideration 
of the most rapid sorption. The heat of mixing of polystyrene and chloro¬ 
form is not likely to be very high and so the heat of sorption can be taken 
as being roughly equal to the latent heat of vaporisation of chloroform, 
which is about 60 cal./g. The specimen absorbs less than 2 mg. in the 
first hour so the heat absorbed is of the order of 0-002 x 60 — 0*12 cal. 
The mass of the specimen is about 100 mg. and its specific heat about 
0-3 cal. deg. -1 at 25 0 C so that the increase of temperature would be 
roughly 4 0 C if there were no loss of heat. In actual fact the heat loss 
will reduce this figure considerably and so temperature change will be 
an unimportant factor in the sorption process. 


Absorption-Time Curves and Derivation of Diffusion Coefficients. 

For the special case in which the diffusion coefficient is constant and 
equal to D 0 say, the appropriate formal mathematical solution of the 
diffusion equation may be written in the convenient form. 


Moo 


— 1 — 


« 00 

O 5T-* I 

j 2 m + 1) 2 
m - 0 ' 1 ’ 


exp {— Z) 0 (2w + 


1 ) 2 n 2 m, 


(4) 


where M t is the total amount of chloroform absorbed by the polystyrene 
sheet of thickness l at time t and Moo the equilibrium sorption attained 
theoretically after infinite time. The application of this solution to the 
present problem is based on the assumption that immediately the poly¬ 
styrene sheet is placed in the chloroform atmosphere, the concentration 
of chloroform at each surface of the sheet attains a value corresponding 
to the equilibrium regain for the vapour pressure of chloroform in that 
atmosphere, i.e. the concentration acquired instantaneously on the surface 
is that attained throughout the polystyrene after infinite time. The 
surface concentration is assumed constant throughout the sorption process, 
and the polystyrene is considered to be initially free of chloroform. In 
deriving eqn. (4) the thickness l of the sheet is assumed to remain constant 
as diffusion proceeds, but in practice as the chloroform enters the poly¬ 
styrene swelling occurs and the thickness increases. Eqn. (4) can still 
be applied, however, provided the concentration and thickness are meas¬ 
ured in suitable units. Thus if a new unit of length is chosen such that 
unit increment in length includes unit mass of polystyrene per unit area 
of sheet, then the thickness of the sheet remains constant on the new 
scale, being equal to the mass of polystyrene sheet per unit area initially, 
i.e. equal to the product of the initial thickness and the density. In terms 
of the new unit of length, concentration is defined as the mass of chloro¬ 
form per unit mass of polystyrene in any element of overall volume, which 
is the usual way of measuring regain. The diffusion coefficient measured 
in this way is defined as the flux of chloroform across unit area of a section, 
which moves so that the mass of polystyrene on each side of it remains 
constant, divided by the space gradient of concentration at the section 
measured on the new scales. For present purposes in order to apply (4) 
to a swelling sheet it is convenient to let l denote the initial thickness 
measured in cm. and to include the (density)* factor in the diffusion co¬ 
efficient D 0 . The relation between the diffusion coefficient measured in 
this way and diffusion coefficients obtained by other methods, is discussed 
fully in another paper. 8 


7 King and Cassie, Trans. Faraday Soc., 1940, 36, 445. 
• Crank and Hartley (submitted for publication). 
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It is readily seen from (4) that the value of t/l* for which M t /Mco 
has any given value is independent of Mco when the diffusion coefficient 
is constant. In particular it is easy to show that the value of t/l* for which 
Mi/Moo = £, conveniently written is given by 



approximately, the error being about o*ooi %. Thus we have 

D 0 = 0*04939/(<//*)*.(6) 

and hence, if an experimental absorption-time curve is obtained for a 
system in which the diffusion coefficient is constant, the value of this 
constant can be determined by use of ( 6 ). 

Inspection of the curves of Fig. 1 shows at once that (f// 8 )* is not in¬ 
dependent of Moo, and therefore that the diffusion coefficient is not 
constant. Application of eqn. ( 6 ) to each of the curves of Fig. 1 yields 
some mean value D , say, of the variable diffusion coefficient averaged 
over the range of concentration appropriate to each curve. Values of 
(*//*)$ and D are presented in Table II. A separate paper 6 describes 


TABLE II. —Diffusion Coefficients for Chloroform in Polystyrene 
at 25 0 C. All Diffusion Coefficients are in cm.*/sec. x 10“ 10 





1st Approximation 

2nd Approximation 

% Regain 
atEqui- 1 
librium 

— c 0 

sec./cm. 2 
x io 10 ^ 

D 

expt. 

pC'o 

i*Jr 

cm.*/ 
sec. io-io 

D 

D 

calc. 

pc. 

Jo 

cm.*/ 
sec. 10-10 

D 

D 

calc. 

i 

5'0 

— 

0*024 

(extrap.) 

0*024 

0*024 

(extrap.) 

0*024 

0*024 

0*024 

0*024 

7'5 

1130 

0*0437 

0*0437 

0*116 

0*0504 

0*039 

0*12 

0*044 

9*9 

0*620 

0*0797 

0*0797 

0*288 

0*103 

0*062 

0*29 

0*080 

I2’9 

0*288 

0*171 

0171 

0*780 

0*238 

0*125 

0*40 

0*17 

13*2 

0*248 

0*199 

0*199 

0970 

0-270 

0*144 

°*54 

0*20 

LVI 

0151 

0*326 

0*326 

3 ' 3 f > 

0-585 

0*216 

1*6 

o *33 

16*3 

0*0383 

0*846 

' 0*846 

105 

1*20 

0-583 

6-6 

0*85 

i6*8 

0*0481 

0*972 

0*972 

l0*O 

approx. 






an attempt to discover the significance of the D values measured in this 
way. Numerical solutions of the diffusion equation were evaluated for 
a number of variable diffusion coefficients of the general form 

0«i+/(C/C o ), 

and by applying ( 6 ) to the absorption-time curves so calculated, D values 
were obtained. In Table III the D values for several diffusion coefficients 
are compared with the corresponding values of 

(T/C.) D dC, 

Jo 

which are readily calculated from the known relation between D and C. 

The data for sorption presented in Table III show that D provides a 
reasonable approximation to 

(I/C.) f C *Z)dC. 

J 0 

The data for desorption and the mean data are discussed later. 
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TABLE III. — Significance of D for some Empirical Diffusion 
Coefficients of the Form, D — i 4- f(c), where c ~ C/C 0 


m 

JHJr 

Absorption 

Desorption 

Mean of Absorption 
and Desorption 

D 

% Error* 

D 

% Error* 

D 

% Error * 

IOC 

6*oo 

7 -I 4 

4-19 

4*44 

— 26 

5‘79 

“3 

7 - 5 C 

4*75 

5-66 

+ 19 

3-64 

“23 

465 

— 2 

4-8 c 

3 * 4 ° 

4*15 

4-22 

2*58 

“24 

3 ’ 3 <> 

— 1 

2 ‘ 5 C 

2-25 

2*77 

+23 

1-66 

— 26 

2*22 

— 1 

4 -8c 8 

2-20 

2*55 

4-16 

i-8o 

-18 

2-17 

— 1 

4 *8c 1 ' 3 

4*60 

4-88 

4 6 

4*20 

- 9 

4*54 

— 1 

iooc 2 e~ 10c * 

2-38 

1*98 

”17 

2*62 

+ 10 

231 

“3 

I 4 * 8 c(i ~ c ) 

3-47 

3*42 

— 1 

3*42 

— 1 

3*42 

— 1 


Thus by deducing a value of D from each of the experimental curves 
of Fig. i and assuming the approximate relation 

— I fCo 

JD= r f DdC .(7) 

'-'0 J 0 

— pC o 

a graph showing DC 0 , that is, \ D dC, as a function of C 0 can be drawn 

Jo 

as in Fig. 2. Numerical or graphical differentiation of the curve with 



respect to the upper limit C 0 gives a first approximation to the relation 
between D and C, which is shown in Fig. 3, together with the jD-C curve 
for comparison. The numerical data are given in Table II. 

♦ This is the error involved in assuming D « f C °Z)dC expressed as a 
^ Cq J 0 

percentage of ^ l 9 DdC. 

VO J 0 
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The approximate diffusion coefficient shown in Fig. 3 varies much 
more rapidly with concentration than did any of the relations examined 
in Table HI, and so the error involved in assuming eqn. (7) may be 



Concentration of chloroform expressed 
as percentage regain. 

Flo. 3. 

expected to be correspondingly greater. In order to estimate the errors 
in the present work, calculations of the absorption-time curves were carried 
out, using the mathematical methods described elsewhere, 5 and the D-C 
relation shown as the first approximation in Fig. 3. The D values derived 
from these calculations are shown in Table II, column 6. Comparison 
of these calculated D values with the experimental D values, and there¬ 
fore with the first estimate of 

(1/C0) 

J 0 

shows the errors involved in use of (7). Hence the correct relationship 
between D and 

(1/C0) f%dC 

Jo 

for the calculated D~C relation can be plotted and from this a second 
approximation to 

(I/Co) (%dC 

J 0 

can be read off for each of the experimentally determined values of D. 
By repeating the differentiation, a second approximation to the dif¬ 
fusion coefficient D is obtained from which new D values are calculated, 
which when compared with the second approximation to 

(1/C0) f%dC 

Jo 

provide improved corrections to eqn. (7). The process can be repeated 
if necessary till the calculated values of D agree with the experimental 
values on which the successive approximations are based. 

The successive steps in the process of calculation may be summarised 
as follows— 
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(i) Plot MJMco against ///* for various values of C 0 . 

(ii) Deduce D for each of the curves plotted in (i), using eqn. (6), 
and plot D C 0 against C 0 . 

(iii) Differentiate this curve to obtain a first approximation to the 
D-C relation. 

(vi) Compute curves of MJMaj against tjl 2 for various C 0 ’s, using 
this first approximation to D, and hence derive a set of calculated 
D values. 

(v) Plot the D values calculated in (iv) against the values of 

(r/C 0 ) f%dC 
J 0 

from which the first approximation to the D-C relation was 
derived. 

(vi) Read off from this curve 

(t/C«) \°° DAC 

JO 

for each experimental value of D and replot against C 0 . 

(vii) Differentiate to obtain a second approximation to the D-C 
relation. 

(viii) Repeat the process till the calculated values of D agree with 
the experimental values to within the required degree of accuracy. 

Table II shows that after only two stages in the approximation the 
diffusion coefficient D is determined as accurately as the experimental 
data permit. No attempt has been made to improve the value of the 
diffusion coefficient for the concentration i6*8 % regain because the ex¬ 
perimental data and the process of graphical differentiation are very un¬ 
certain for the high regains. The lowest regain at which measurements 
were made was 7*5 %. A value of D at 5*0 % regain was obtained by 
extrapolating the D-C curve and D was assumed constant at this extra¬ 
polated value of 0*024 X io~ 10 cm.^sec. for lower regains for purposes 
of calculation. The final form of the diffusion coefficient concentration 
relation is compared with the first approximation in Fig. 3. The essential 
features of this relation are not substantially changed by the mathematical 
refinement, although the accuracy of the results is improved considerably. 

Comparison of Sorption and Desorption-Time Curves.—If instead 
of taking the value of for sorption, the value for desorption is taken 

a second set of D values can be obtained. The data of Table III show 
that the D values calculated from the empirical diffusion coefficients 
for desorption represent the integrated mean diffusion coefficients to 
much the same order of accuracy as do those derived from sorption data. 
The means of the D values derived from sorption and desorption in 
Table III are seen to provide a much better approximation to 

(i/C 0 ) f C °DdC 
J 0 

than either of the values taken separately. 

For this reason, measurements of rates of desorption of chloroform from 
polystyrene were carried out on samples with initial equilibrium regains 
of 15*1 % and 9-9 %. A current of dry air at 25° C was passed over the 
samples which were weighed from time to time. The desorption data 
are shown graphically in Fig. 4. For the case of 15-1 % regain, (*// 2 )| 
for desorption is roughly four times as great as for sorption ; whereas 
when the equilibrium sorption is 9*9% the two values of (///*)j are about 
the same. In both cases the last stages of desorption are extremely slow. 

This kind of effect is to be expected qualitatively since in the later 
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stages of desorption the concentration in the sample is everywhere much 
less than 15*1 % so that the operative diffusion coefficient is a mean over 
a range of low concentrations only, whereas in the case of sorption the 



Fig. 4.— Rato of loss of chloroform by polystyrene sheet at 25 0 C compared with 
the rate of uptake of chloroform by the same material at 25° C. 


average is taken over a range of high concentrations only. The former 
will thus include only low values of the diffusion coefficient and the latter 
only high values for the kind of diffusion coefficient shown in Fig. 3 and 
hence the last stages of desorption will be relatively slow. Where D 
increases several-fold throughout the concentration range a considerable 
effect is to be anticipated. 

The differences between the sorption and desorption curves of Fig. 4 
are much greater than for any of the diffusion coefficients considered in 
Table III. For this reason the value of D was calculated at various 
stages of both sorption and desorption for 15-1 % equilibrium regain 
by comparing the experimental curves with the mathematical solution 
of eqn. (4). The results obtained are shown in Table IV and it is seen 
that D for the desorption process decreases rapidly as desorption proceeds 
but D for sorption is roughly constant for a considerable part of the 
process. This suggests that in sorption D represents an average taken 
over all concentrations of chloroform from zero to 15*1 % until more than 
5° % equilibrium regain has been absorbed, whereas in desorption the 
range of concentration over which the average is taken decreases almost 
from the start. 


TABLE IV. —Calculation of D from Sorption and Desorption Curves 


MtIMn 

Dill* 

(Calc.) 

tjl* X 10- » 
Sorption 
sec./cm.* 

D x 10 19 
Sorption 
cna.*/sec. 

til * x 10-10 
Desorption 
sec./cm.* 

D x ioio 
Desorption 
cm.*/sec. 

o *357 

0*025 

o*oyo 

0*276 

0*180 

0*138 

0*504 

0*050 

0*152 

0*326 

o *579 

0*086 

0*698 

0*100 

0*306 

0*326 

3*17 

0032 

0*887 

0*200 

0-576 

o *354 

>7 

0*028 


This is confirmed by the calculated curves of Fig. 5, which shows 
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how the concentration of chloroform varies with distance through the 
sample at the time for which M t IMao = i in the case where the equili¬ 
brium regain is 15*1 %. The shape of the curve for sorption is of the 



Fig. 5.—Calculated concentration- 
distance curves Mj/Moo ~ i 

familiar form associated with a diffusion coefficient which increases with 
concentration increasing, and it is clear that the concentration at the 
centre of the sheet is still effectively zero and the sheet is still behaving 
as a semi-infinite one when M t /Mco — £. The corresponding curve for 
desorption shows that here the concentration at the centre of the sheet 
has already fallen considerably below the value of 15*1 % from which 
it started. Because of these considerations only the sorption measure¬ 
ments have been used as described above in determining the diffusion 
coefficient-concentration relation. 

The authors’ thanks are due to Mr. E. P. Cummins for technical 
assistance, and to Miss M. E. Henry, who carried out the computational 
work. 
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THE SURFACE TENSION OF AQUEOUS SOLUTIONS 
OF a : p-DIHYDROXY-Y-ARYLOXYPROPANES 


By A. C. R. Dean and W. Bradley 
Received 25 th October , 1948 

The surface tensions of various a : /Mihydroxy-aryloxypropanes in aqueous 
solution have been determined. Substitution of alkyl, alkoxyl and carbo- 
alkoxyl groups in the benzene nucleus of the a-phenyl ether of glycerol increases 
the capillary activity of the parent compound, the effect increasing with increase 
in the chain-length of the substituent. The increase in capillary activity is 
greatest with alkyl substituents and least with alkoxyl substituents. The effect 
of a substituent diminishes in the order : p- > m- > 0-. 

Halogen substitution in the benzene nucleus increases the capillary activity 
of the parent compound, the effect increasing with increase in the atomic weight 
of the substituent. Amino substitution in the benzene nucleus reduces the 
capillary activity of the parent compound. Acylating the amino group increases 
the capillary activity of an amino derivative, the effect increasing with increase 
in the chain-length of the acyl group. 

The areas occupied by the glycerol ether molecules at the surface of an aqueous 
solution, have been calculated and the orientation of the molecules is discussed. 

There does not appear to be any simple relation between the surface activity 
of an aryl ether of glycerol and its ability to relax skeletal muscle. 


The mon-oaryl ethers of glycerol form a group of simple compounds 
many of which show interesting biological properties. The a-^-chloro- 
phenyl ether of glycerol inhibits the growth of B. coli. Staph, aureus, 
Ps. pyocyanea, Proteus vulgaris , B. paratyphosus and B. dysenteriae at 
concentrations in the range 0-15-0*2 % 1 and several members of the group 
cause relaxation of skeletal musculature when administered to humans 
or laboratory animals. 2 The muscle-relaxing property is the more 
interesting because of its importance for medicine and surgery and it has 
become desirable to determine its physical and chemical basis. In the 
present communication the surface activity of a range of a: / 3 -dihydroxy-y- 
aryloxypropanes is described and the results considered in relation to 
the muscle-relaxing properties of the compounds. 

The compounds investigated were supplied by members of the B.D.H. 
research staff. The muscle-relaxing potencies were determined in the 
B.D.H. Biological Department. The compounds comprised a: j 3 -di- 
hydroxy-y-phenoxypropane and a number of its derivatives including 
alkyl, alkoxyl, hydroxyalkyl, halogen, amino, acylamino and carbo- 
alkoxy derivatives. 

Experimental 

The surface tensions were determined at 25 0 C by the maximum bubble 
pressure method of Sugden. 3 Benzene, purified by the method of Richards 4 * 
was used to standardise the apparatus, which was similar to that described by 
Sugden. Quayle and Smart 6 have stressed the necessity of keeping the tubes 
vertical, and their method for confirming this by taking a second reading after 

1 Hartley, Quart. J. Pharm., 1947, 20, 388. 

* Berger and Bradley, Brit. J. Pharm., 1946, I, 265. 

3 Sugden, J. Chem. Soc., 1924, 27. 

4 Richards and Shipley, J. Amer. Chem. Soc., 1914, 36, 1825. 

*Quayle and Smart, ibid., 1944, 66, 937. 
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rotating the tubes through 180 0 has been adopted. The purity of the compounds 
was established by analysis, followed by recrystallisation until solutions prepared 
from successive fractions had similar surface tensions at a given concentration. 

Results and Discussion 

The Effect of Substitution In the Benzene Nucleus on the Capillary 
Activity of a : 0-Dihydroxy-y-phenoxypropane. —The surface tension- 
concentration curve (Fig. 1) of the phenyl ether of glycerol in aqueous solu¬ 
tion is that of a typical capillary-active substance. 6 Substitution in 



Fig. 1.—Alkyl substituents in the phenyl nucleus of a : /Mihydroxy-y- 

phenoxypropane. 

1. Parent compound. 2. o-Methyl. 3. m-Methyl. 

4. p-Methyl. 5. o-Ethyl. 6. o-Propyl. 

7. p-Butyl. 

the benzene nucleus of alkyl, alkoxy, carbo-alkoxy or halogen radicals 
increases the capillary activity of the parent compound, whilst amino 
substitution in the /^-position to the glycerol side-chain reduces the 
capillary activity. 

Alkyl Substitution. —The capillary activities of the homologues of 
a : /?-dihydroxy-y-phenoxypropane increase as the chain length of the 
substituent increases. Results are recorded in Fig. 1. An alkyl group 
has the greatest effect when it occupies the ^-position. It is less effective 
in the w-position and least in the 0-position. The comparison is expressed 
more clearly in Fig. 5, where the capillary equivalent concentrations 
(i.e. the concentrations which reduce the surface tension of water to 50 
dynes/cm.) are graphed. The ratio of the capillary equivalent concen¬ 
trations of 0- and ^-substituted methyl compounds is 1*64, whilst with 
the corresponding butyl compounds it is 1*22. It will be shown later 
that the area of the surface occupied by the molecule is least with the 
substituent in the ^-position and greatest with the substituent in the 
o-position. The increased surface activity with ^-substitution is then 

• Freundlich Colloid and Capillary Chemistry (1926), p. 54 
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explained by a greater number of molecules being able to enter the surface 
layer of the solution. 

The solubility of the o-tolyl ether of glycerol is 70-9 X io~* g. mol./litre 
but supersaturated solutions may be prepared by cooling a solution which 
is saturated at a higher temperature. The surface tensions of super¬ 
saturated solutions were determined up to a concentration of no-6 x 10“* 
g. mol./litre, the y-c curve continuing regularly into this supersaturated 
region (Fig. 1) showing that above the normal solubility limit molecules 
are still able to enter the surface layer. 

Alkoxyl Substitution.— Alkoxyl substitution increases the capillary 
activity of the parent compound in a similar manner to alkyl substitution 
(Fig. 2) but the effect is smaller than that of an alkyl group having the 



Fig. 2. —Alkoxy substituents in the phenyl nucleus of a : 0 -dihydroxy-y- 

phenoxypropane. 

1. o-Hydroxvmethyl. 2. o-Hydroxy. oMethoxy. 

4. ^-Methoxy. 5. Parent compound. 6. 0 - Ethoxy. 

7. o-Propoxy. 

same number of carbon atoms, and the concentrations required for capillary 
equivalent solutions are approximately five times greater than those for 
the corresponding alkyl compounds. The capillary activity increases 
as the homologous series is ascended and ^-substitution has a greater 
effect than o- ; the ratio of the capillary equivalent concentrations for 
0- and ^-substituted methoxy compounds is i*6i (o/p methyl == 1-64). 

Carbo-alkoxyl Substitution.— The capillary equivalent concentra¬ 
tions of the carbo-alkoxy derivatives lie between those of the alkyl and 
the alkoxyl derivatives (Fig. 5). The surface tension-concentration 
curves are given in Fig. 3. 

Halogen Substitution. —In general, halogen substitution increases 
the capillary activity of the parent compound, the effect increasing with 
the increase in atomic weight of the substituent (Fig. 3). ^-Substitution 
has a greater effect on the capillary activity than o-substitution, the ratio 
of the capillary equivalent concentrations for 0- and p -chloro compounds 
being 1-22. 
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Fig. 3.—Halogen and carboalkoxy substituents in the phenyl nucleus of 
a: jS-diliydroxy-y-phenoxy propane. 

1. Parent compound 2. o-Chloro. 3. />-Chloro. 

4. o-Bromo (solubility limit). 5. />-Carboethoxy. 6. o-Iodo (solubility limit). 

7. w-Mothyl />-chloro. 8. />-Carlv)propoxy. 9. />-Carbobutoxy. 



Fig. 4.—Amino and acylamino substituents in the phenyl nucleus of 
a : 0-dihydroxy-y-phenoxy propane. 

1. />-Acetylamino. 2. ^-Arnino. 3. ^-Propionylamino. 

4. Parent compound. 5. ^-Furoylamino (solubility limit). 

6. />-Butyrylamino. 7. £-Benzoylamino (solubility limit). 
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Amino and Acylamino Substitution. —The introduction of an amino 
group into the ^-position of the benzene nucleus of a : j 3 -dihydroxy-y- 
phenoxypropane reduces the capillary activity of the parent compound. 
Replacement of the hydrogen in the amino group by an acyl group re¬ 
verses this effect, the capillary activities increasing in the order : amino- 
phenyl, acetylaminophenyl, propionylaminophenyl, phenyl and butyryl- 
aminophenyl. With higher concentrations (c x io 3 > 58 moles/litre) the 
aminophenyl derivative has a greater capillary activity than the acetyl¬ 
aminophenyl derivative. The />-furoylaminophenyl and />-benzoylamino- 
phenyl derivatives have slightly higher capillary activities than the parent 
compound, but are very sparingly soluble (Fig. 4). 

The Relationship between the Capillary Equivalent Concentrations 
and the Number of Carbon Atoms. —The concentrations of the glycerol 
ethers necessary to reduce the surface tension of water to 50 dynes/cm. 
(capillary equivalent concentrations) are given in Fig. 5. Ferguson 7 



Fig. 5. —The relationship between the capillary equivalent concentrations and 
the number of carbon atoms in the molecule. 

1. Alkoxy substituents. 2. Carboalkoxy substituents. 3. Alkyl substituents 
— o-Compounds. X ^-Compounds. O ^-Compounds. 

has shown that in the homologous series of the normal primary alcohols 
there is a linear relationship between the logarithm of this con¬ 
centration and the number of carbon atoms. The o-alkyl-substituted 
glycerol ethers show a similar relationship, as also does the alkoxy series. 
o-Hydroxyphenyl a-glycerol ether is unique. The relationship does not 
hold with carbo-alkoxy substituents. 

With the less soluble compounds, e.g. the o-bromo, o-iodo, />-amino, 
^>-acetylamino, />-propionylamino, ^-butyrylamino, ^-benzoylamino and 
^-furoylamino derivatives of a : j 3 -dihydroxy-y-phenoxypropane it was 
not possible to obtain sufficiently high concentrations to reduce the surface 
tension of water to 50 dynes/cm. 

The Adsorption of Glycerol Ethers in Aqueous Solution. —From the 
Gibbs equation Schofield and Rideal 8 have derived the relationship 

FA/RT= 2-303 F/S, 

where F = y 0 — y, A is the area occupied by a molecule in the surface 

7 Ferguson, Proc. Roy. Soc. B t 1939, 137, 391. 

8 Schofield and Rideal, ibid. A, 1925, 109, 69. 
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and S is the slope of the curve relating F and log 10 c (c = molar con¬ 
centration). Using this equation the areas occupied by the glycerol 
ether molecules in the surface have been calculated ; they are given in 
Table I. The molecular volumes were calculated from the densities of 
the solutions, and it is assumed that these values apply to the surface layer. 


TABLE I.— The Adsorption of Substituted Phenyl oc-Glycerol Ethers 


Substituent in 
Phenyl Nucleus 

Molal 

Volume 

(cm.*) 

Volume of 
One Mole¬ 
cule A* 

Concentration of 
Solution 
(mol./I. x 10*) 

Area 

(A*) 

Thickness 
of film 

(A) 

Nil 

168*4 

278 

f 229-1 

12410 

38-7 

31-6 

8-8 

o-Methyl 

182-3 

301 

f 30-60 
\ 1 io-6* 

37-9 

37’9 

7*9 

7*9 

o-Ethyl 

196-3 

324 

10-50 

39*6 

8*i 

o-Propyl 

210*7 

348 

5-20 

44-6 

7*8 

tn-Methyl 

182*5 

301 

14-60 

36*6 

8*2 

^-Methyl 

182*4 

301 

15-60 

30*3 

10*0 

o-Chloro 

202*8 

335 

19-50 

34*3 

9*8 

^-C-hloro 

203*0 

335 

23 - 4 1 

27*3 

12*2 

o-Methoxy 

IQ84 

327 

53-215 

52*8 

— 

o-Ethoxy 

212-4 

35 i 

85 

5 i *7 

— 

o-Propoxy 

227*0 

374 

18-35 

45*6 

— 

/>-Carboethoxy 

240-5 

397 

6-215 

43’5 

— 

p -Carbopr opoxy 

254*0 

419 

5 - 8 -H -7 

32-1 

— 

/>-Carbobutoxy 

268-1 

442 

2-4-4-4 

i 

2 5*5 




Fig. 6. —The relationship between surface pressure and concentration. 

1. o-Methoxy. 2. Parent compound. 3. o-Ethoxy. 

4. o-Methyl. 5. w-Methyl. 6. ^-Methyl. 

7. 0- Propoxy. 8. o-Ethyl. 9. m-Methyl p-chloro. 

10. o-propyl. 11. ^-Carbopropoxy. 12. £-Carbobutoxy. 13. />-Butyl. 
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In all the cases examined the relationship between F and log 10 c was 
practically linear (Fig. 6) and hence the Milner equation, 0 

(Vo - y)/yo == a + p log c 

(where y 0 is the surface tension of water and a and p are constants), can 
be used to predict the surface tension of aqueous solutions of glycerol 
ethers within the concentration limits of the experiments. 

From an examination of films of phenols, Adam 10 has shown that the 
cross-sectional area of the benzene nucleus is 24 A 2 . In the case of phenol 
Goard and Rideal 11 came to a similar conclusion and suggested that the 
phenol molecule lay on the surface of the water with the hydroxyl group 
drawn inwards, leaving the plane of the molecule at right-angles to the 
surface. A similar orientation would be expected of the molecules of 
the glycerol ethers. Examination of Table I shows that the areas 
occupied by the />-chlorophenyl ether and the ^>-carbobutoxyphenyl ether 
are 27 A 2 and 25 5 A a respectively, whilst those of the />-methyl phenyl 
ether and the phenyl ether are 30 A 2 and 31*6 A 2 . These areas are in 
fairly good agreement with those found by Adam and Rideal when it is 
considered that concentrations are used instead of activities. If this 
orientation is correct it would be expected that molecules with sub¬ 
stituents in the 0- and w-positions would occupy a larger surface area than 
those with a />-substituent. This is the case, since the 0- and w-methyl 
phenyl ethers have a larger surface area than the />-homologue, and a 
similar relationship holds for the o- and ^-chlorophenyl ethers. It is inter¬ 
esting to note that as the o-alkyl series is ascended the areas increase pro¬ 
gressively, the thickness of the film remaining practically constant at 8 A. 

In the o-alkoxy series and in the case of the p-carboethoxy ether the 
surface areas arc much larger, probably because at the highest concentra¬ 
tions which could be obtained the surface layer is not packed with mole¬ 
cules and hence the molecules are not oriented with their long axes at 
right-angles to the surface. In methyl derivatives the area is greatest 
with substitution in the o-position and least in the /^-position. 

Pharmacological Activity and Surface Activity. —A number of 
simple derivatives of a : j8-dihydroxy-y-phenoxy-propane are able to 
bring about relaxation of skeletal muscles in small laboratory animals. 2 
They also decrease the surface tension of water in various degrees, 
a : /J-Dihydroxy-y-(/>-aminophenoxy)-propane, which is unable to relax 
skeletal muscle, has little effect on surface tension. Whilst surface 
activity appears to contribute to the muscle-relaxing power of glycerol 
ethers, however, other factors, too, must come into play. Thus a : j8- 
dihydroxy-y-(2-methylphenoxy)-propane is more effective as a muscle 
relaxant than any related simple ether, whilst its surface activity is in 
no sense abnormal. 

The authors thank the directors of The British Drug Houses, Ltd., 
for permission to publish this paper. 

Research Dept., 

The British Drug Houses, Ltd., 

London, W.i. 

• Milner, Phil. Mag., 1907, 13, 96. 

10 Adam, Physics and Chemistry of Surfaces (1946), p. 54. 

11 Goard and Rideal, J. Chem. Soc., 1925, 1673. 



THE EFFECTS OF SUBSTITUENTS IN THE 
NAPHTHALENE RING 


PART I. THE BASIC STRENGTHS OF THE MONONITRO- 
NAPTHYLAMINES 

By Alexander Bryson 
Received ist November, 1948 

The basic strengths of the 14 mononitro-naphthylamines have been measured 
in aqueous solution. The effect of a nitro group in the same nucleus as an amino 
group is similar to that in the nitroanilines but the reduction in basic strength 
is greater when quinonoid contributions are possible and smaller if the groups 
are in mcta positions. The difference between a and f} positions is increased. 
When the nitro group is in ihe other nucleus the effect is much smaller and is 
mainly inductive. Quinonoid contributions cause a further decrease in basicity 
of about 0*3 units. The difference between the basic nnture of the amino group 
in the a and ft positions is largely eliminated. 

3-nitro-2-naphthylamine is 10,000 times stronger than i-nitro-2-naphlhyl- 
amine. This provides further evidence for the substantial contribution of the 
Erlenmcyer formula in the structure of naphthalene. 


A great deal of work has been done on derivatives of the benzene 
series to determine the influence of substituents on acid-base equilibria 
and on reaction rates. As a result much light has been thrown on the 
interplay of inductive and resonance effects while the “ ortho effect” still 
defies complete explanation. Comparatively little systematic work of a 
like nature has been published on naphthalene compounds, although 
much thought has been given to the nature of the bonds in the naphthalene 
nucleus. The quantum-mechanical treatment by Pauling and Wheland 
and others 1 * * indicates that the degree of double bonding between the 
carbon atoms in naphthalene varies considerably, and that it is appreciably 
greater between C t —C a than between C a —C 8 , while for the central link 
C 9 —C 10 , the amount should be intermediate in value. These conclusions 
are not unsupported by experimental evidence. McLeish and Campbell * 
have shown that the bromine atom in i-bromo-2-naphthylamine is readily 
removed by boiling with piperidine while 3-bromo-2-naphthylamine is 
unaffected. 5-Bromo- and 6-bromo-2-naphthylamine and also 8-chloro- 
i-naphthylamine show the same lack of reactivity. This phenomenon 
is taken to be an expression of the resistance of the 2 : 3- and the binuclear- 
substituted compounds to the inductive and mesomeric polarizations 
which are necessary for the reaction with an anionoid reagent to succeed. 
Arnold and Sprung 8 and Bergmann and Hirshberg 4 have reported acid- 
base equilibria in various hydroxy-naphthaldehydes and halogen-sub¬ 
stituted naphthoic acids. Tn both cases there is an observable difference 
between the C x —C a and the C a —C 3 compounds. Fieser and Lothrop 5 * 

1 Pauling and Wheland, /. Chem. Physics, 1933, *> 362. 

* McLeish and Campbell, J. Chem. Soc., 1937, II0 3 * 

* Arnold and Sprung, J. Amer. Chem . Soc., 1938, 60, 1153, 

4 Bergmann and Hirshberg, /. Chem. Soc., 1936, 331. 

5 Fieser and Lothrop, J. Amer. Chem. Soc., 1935, 57, 1459 ; 1936, 58, 2050. 

9* 257 
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(l) 


have investigated the diazo coupling of dihydroxy-naphthalenes, and 
have concluded that the arrangement of the bonds in the naphthols 
corresponds to the Erlenmeyer structure (I) and that this structure 
represents a condition of considerable rigidity. The available 
chemical evidence on the naphthalene system has been ade¬ 
quately covered by Fieser. 6 

It seems, however, that little systematic experimental work 
has been done on the effects of substituents in various positions 
of an already substituted naphthalene compound, especially in relation to the 
transmission of resonance effects from one ring to the other. The earliest 
attempt was by Ebcrbach 7 who determined by conductivity methods in 
1893 the dissociation constants of the ten available amino-naphthalene sul- 
phonic acids. Hampson and Weissberger H and Vassiliev and Syrkin 9 have 
measured and discussed the dipole moments of the chloro-naphthalenes 
and ten of the nitro-naphthylamines respectively. Hodgson and 
Hathway 10 have attempted to correlate the colour of the nitro-naphthyl¬ 
amines with their electronic structure and have also discussed substitution 
in the naphthalene ring in a number of papers. 11 


Experimental and Results 

The present author therefore decided to investigate the influence of the 
nitro group in various positions on the basic strength of the amino group in the 
nitro-naphthylamines. The last of the fourteen isomers, viz., 2 : 3 and 2 : 7 nitro- 
naphthylamine have recently been prepared by Hodgson and lus collaborators and 
the series is relatively easy to prepare. (For a summary of available methods, see 
Hodgson and Hathway. 1 *) These substances are yellow, orange or red ; they are 
but slightly soluble in water producing yellow or orange solutions even in con¬ 
centrations less than o-ooi M, and they are all weak bases. Their basic strengths 
as measured by the pK 0 values for the reaction 

BH+ + H 2 0 + H s +0 

vary from 3-16 to — i*f>. Extensive hydrolysis of the salts occur and it is thus 
impossible to determine the pK values by the usual potentiometric titration. 
In this research the values were determined by the titration of a dilute solution 
of the nitro-amine, ca. 0*0005 M with a suitable acid, the pH being measured 
with a glass electrode and the progress of salt formation being followed by the 
use of the Spekker absorptiometer. The salts are practically colourless and 
correction may be made for any absorption due to these. The whole operation 
of titration, pH measurement and drum reading was carried out in a 4 cm. cell, 
and since it is difficult to control the temperature, the results are given for room 
temperature. Hall and Sprinkle 13 have given temperature corrections of —0*013 
to —0*020 pTI per °C for aromatic amines, but such corrections do not alter 
the significance of the results, since the alteration is not more than o*i unit at 
most. 

The pK 0 values between 2*2 and 3*2 were determined in very dilute solutions 
and should approximate to thermodynamical constants. The accuracy of these 
values can be taken as ± 0*05 pH unit. For the remaining three bases whose 
values are + 0*54, —1*0 and —1*6 the figures arc much more speculative since 
they were measured in strongly acid solution. They can be considered as having 
little more than comparative value. 

The results are given in Table I. Melting points from the literature are taken 
from Hodgson and Hathway ; 12 dipole moments are from Vassiliev and Syrkin.* 

8 Gilman, Organic Chemistry, Chap. 3. 

7 Eberbach, Z. physik. Chern., 1893, 1 1 , 608. 

• Hampson and Weissberger, J. Chem. Soc., 1936, 353. 

•Vassiliev and Syrkin, Acta Physicochim., 1941, 14, 414. 

10 Ilodgson and Hathway, Trans . Faraday Soc., 1945, 41, 115 ; 1947, 43, 
6 . 43 * 

11 Hodgson and Hathway, J. Soc. Dyers Col., 1945, 61, 283 ; 1946, 62, 241 : 
1947, 63, 109 ; 1947, 63, 4 b. 

12 Hodgson and Hathway, ibid., 1947, 63, 231. 

13 Hall and Sprinkle, J. Amer. Chem . Soc., 1932, 54, 3469. 
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Position of 
Substituents 

Colour 

M.p. 

pK a 

t° c 

Dipole 

Moment 


nh 2 

N 0 2 


Expt. 

Litera¬ 

ture 



Mononuclear 

substituted 

compounds 

I 

I 

1 

2 

2 

i 

2 

2 

3 

4 

I 

3 

4 

yellow 

orange 

red 

, 

144 

135*5 

101 

127 

13 5 

98 

144 

136 

191 

127 

140 <» 
98-5 

— 1*6 
2*27 
o -54 

— 1*0 
2*93 
2*98 
2*6i 

20 

20 

20 

20 

25 

25 

4*89 

5 ’i 4 

6*97 (a> 
4*47 

4*62 

Bin u clear 

I 

5 

red 


119 

2*8o 

25 

5*22 

substituted 

! 1 

7 

,, 

*34 

*34 

2*83 

20 

— 

compounds 

2 

0 

gold 

203 

203 

2*90 

21 

7*10 (a) 

(Quinonoid 

contributions 

likely) 

2 

8 

1 

led 

105 («) 

* 04-5 

2*86 

25 

4-47 

Binuclear 

1 

6 

red 

166 

167 

3**5 

20 

— 

substituted 

compounds 

T ! 

8 

ora n go¬ 
red 

975 lc ‘ 

97 

2*79 

23 

3-12 

(Quinonoid 

2 

5 

red 

>44 ,c> 

146 

3 * if> 

25 

5-03 

contributions 

unlikely) 

2 

7 

yellow 

181 

184 

3*3 

21 



(a) Dipole moments measured in benzene ; all others are in dioxan. 

(/;) The author is indebted to Dr. It. H. Hodgson for a sample of this compound. 
( c ) In the preparation of these compounds the nitration was carried out 
at — 25 J C using solid C0 2 in the nitrating bath. 

For comparison. Table II gives relevant figures for naphthylamines, nitro- 
naphthalcnes, aniline and its derivatives. 

TABLE II 


Compound 

pK« (25 0 ) 

Dipole Moment 

a-Napht hy lam i n e 

3*92*, 4*0 2 

1-49 * 

/ 3 -Naphthylamine 

4 -u. 1 4-3 ‘ 

i- 77 ‘ 

Aniline ..... 

4 ’b 1 

1-54 4 

w-Nitroaniline 

2*65,* 2*6 2 


^-Nitroaniline .... 

1*1 3 

6*17 4 

o-Nitroaniline .... 

— 0*05,* —0*17, 3 —0*25 3 

4*26 4 

Nitrobenzene .... 

— 

4*01 4 

a-Nitronaphthalcne 

— 

3*98 4 

/ 3 -Nitronaphthalene 

~ 

4*36 4 


* This research ; values are for 21 0 C. 

1 Hall and Sprinkle, J, Amer. Chem. Soc. t 1932, 54, 3468. 

2 Farmer and Wurth, J. Chem. Soc., 1904, 85, 1713. 

3 Hammett and Paul, J. Amer. Chem. Soc., 1934, 5 ^* 837. 

8 Vassiliev and Syrkin, loc. cit. 

Measurement of Dissociation Constants.—The compounds were all 
recrystallized from water before saturated solutions were prepared. 
For those compounds with pK values between 2*2 and 3*2 the procedure 
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was as follows. The solution of the nitroamine was diluted with water 
to obtain a series of concentrations from saturated to o-i saturated. 
These solutions were placed in 4 cm. Spekker cells and the drum readings 
noted. The 601 violet filter was used throughout. If the graph of drum 
reading against concentration did not approach a straight line, more 
dilute solutions were used until this was obtained. This dilution curve 
was used subsequently to determine the amount of nitroamine during 
the titration of 25 ml. solution with N/10 HC 1 from a microburette, the 
pH being measured concurrently by a glass electrode (Cambridge model 
potentiometer) calibrated at 3-57 with potassium hydrogen tartrate. 
About 10 successive additions of o-i ml. of acid were made, this being 
sufficient to produce up to 70 % salt formation. To determine the 
absorption due to the salt, 1 ml. 10 N 1 IC 1 was added and the blank so 
obtained was used to correct the individual drum readings. The following 
figures illustrate the measurements with 8-nitro-2-naphthylamine. 


TABLE 111 

Water Setting 1-30 ; Filter, 601 Violet ; Tungsten Lamp 


ml. o-i N HC 1 

o-i 

0*2 

o *3 

o -35 

o *4 

o -5 

o -55 

o*0 

o *7 

o *9 

pH . 

3*56 

3*22 

3*ii 

3*04 

2*98 

2*86 

2* 80 

2*77 

2*69 

2-6l 

Drum reading 
Corrected 

1*20 

1*065 

1*005 

0-955 

0*90 

o*8o 

0*78 

0*77 

o*68 

o*6i 

drum reading 
Fraction 

T *20 

1*055 

o -995 

o -945 

i 

0*885 J 

c 

OC 

0*76 

o *75 

o*6(> 

o *59 

neutralization 

o*H> 

0*295 

o *345 

oc 

p 

6 

0*435 

0-52 

o -53 

o *54 1 

o*6o 

O’ 65 

pK a (calc.) . 

2*84 

2*80 

2*83 

2*85 
Av.-- 2* 

2*87 

86 

2*89 

2-85 

2*84 j 

2*88 

2*88 


Drum reading with 1 ml. 10 N IK'l in cell - 0*025 

For the very weakly basic amines the method was altered since much 
stronger acids were necessary and were used in greater amounts, dilution 
effects then becoming important. I11 these cases the required amount 
of acid was added to 25 ml. nitroamine solution, the solution was cooled 
and made up 1o 30 ml. The concentration-drum reading curve was pre¬ 
pared from nitroamine solutions diluted in the ratio of 30/25. The pH 
was measured to zero on the pH meter using o-i N HC 1 (pH, i-o8 ft ) as 
calibrating solution. The blank was impossible to measure in these cases 
and was taken as 0*04. Figures for 4-nitro-i-naphthylamine are given in 
Table IV: 

TABLE IV 


5 N HCI 

o *5 

1*0 

i -5 

2*0 j 

2-5 

3 

pH 

1*20 

0*87 

0*71 

o*6o 

0*48 

0*40 

pK„ (calc.) 

o *53 

0*51 

0*50 

o *55 

o -54 

0*58 


Av. 0*54 


The same procedure was used for o-nitroaniline, the constant with 
7 ° % llCIO* being — 0*05. With 36 N H 2 S 0 4 the readings on the pH 
meter for the fhst three additions of acid were 0*35, 0*17, and 0*02, giving 
constants of — 0*02, — o-io, and — 0*05 in agreement with the above. 
By continuing the titration with cone. H 2 SQ 4 and using the value of the 
constant as — 0*05, it was possible to calculate apparent pH values for 
solutions up to a normality of 4*6. Using such values, the titration of 
the very weak bases 2-nitro-i-naphthylamine and i-nitro-2-naphthylamine 
gave values of — i-6 and — i*o respectively. These values can be 
regarded as approximate, but the nature of the enquiry does not demand 
greater accuracy. 
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Discussion 

It is possible to predict by analogy with the benzene series that 
the mononuclear-substituted nitronaphthylamines should be similar in 
properties to the nitroanilines and that wherever ionic contributions of 
a quinonoid type are present the strength of the base should be con¬ 
siderably decreased. Lor the binuclear-substituted compounds the in¬ 
fluence of the nitro group should be less and quinonoid contributions 
should have a small but appreciable effect on the basic strength. In 
general these predictions are borne out by the figures in Table I. There 
are, however, some deviations. We are, in addition, concerned with 
the matter of the difference in degree between the a and p positions and 
with the influence of the nitro group on the basic strength of the amino 
group in these two positions. In order to discuss this it is convenient 
to classify the nitronaphthylamines in four groups. 

1. The mononuclear-substituted compounds except 3-nitro-2-naphthyl- 
aminc, viz. 



no 2 no 2 


2. 3-Nitro-2-naphthylamine 


VA\/ \ N q 2 

3. Binuclear-substituted compounds in which there is the possibility 
of quinonoid contributions of the following types, 



4. Binuclear-substituted compounds in which no possibility exists 
of such contributions. 



NO a 


Members of the first group show the same relative characteristics 
as the nitroanilines. Both the ortho substituted compounds are exceed¬ 
ingly weak bases with pK 0 values of — i-6 for 2-nitro-i-naphthylamine 
and — i-o for i-nitro-2-naphthylamine, and both are much weaker than 
0-nitro-aniline (— 0*05). This is clearly due to the greater double-bond 
character of the C s linkage with the result that the states (II) and (III) 
make a substantial contribution to the resonance hybrid of the base. 
4-Nitro-1 -naphthylamine is completely analogous to p-nitro-aniline. In the 
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two meta compounds, the difference between the a-amino and j3-amino 
groups is preserved, although both bases are stronger than would be 
expected, e.g., 4-nitro-2-naphthylamine has the same value as w-nitro- 
aniline. It will be observed that in all the members of this group the 



difference between the strengths of the a and p compounds has been 
maintained and even widened. 

The other member of the mononuclear-substituted series, 3-nitro- 
2-naphthylamine is quite exceptional. Its pK„ value of 2*98 makes it 
10,000 times stronger as a base than i-nitro-2-naphthylaminc. It thus 
provides further evidence of the notable difference between the Q—C a 
and the C 2 —C 3 bonds and indicates the smaller double-bond character 
of the latter. It is indeed surprising that 3-nitro-2-naphthylamine is a 
stronger base than 4-nitro-2-naphthylamine in spite of the fact that the 
former is an ortho compound. One explanation of this remarkable result 
is that the relative fixation of the bonds due to the substantial contribution 
of the Erlenmeyer structure should lead to a Mills-Nixon effect in which 
the nitro and amino groups are brought closer together. Jenkins 14 
has concluded that the strength of aromatic bases can be explained 
mainly on inductive grounds, the potential at the amino nitrogen atom 
being influenced by the inductive effect of the —NG 2 dipole. If the 
direction of the dipole moment becomes more nearly parallel with that 
of the amino group its effect will be reduced and the basic strength of 
the amino group increased. The difference between i-nitro-2-naphthy- 
lamine and 3~nitro-2-naphthylamine is much greater than in other 
equivalent cases quoted in the literature (Table V). 


TABLE V 


Compound 

pK a 

1-Hydroxy-2-naphthaldehyde * 

7-86 

2-lIydroxy-i-naphthaldehyde 3 .... 

8-27 

3-Hydroxy-2-naphthaldehyde 3 . . . j 

9 -<J 3 

i-Chloro-2-naphthoic acid 4 . 

3 ' 8 o 

3-Chloro-2-naphthoic acid 4 . 

4‘37 


The effect of hydrogen bonding on the basic strengths of nitro amines 
is not known, but it is likely to be more noticeable in the 1 : 2 than in 
the 2 : 3 compounds owing to the higher double-bond character of the 
Cj—C, bond.* 

The remaining two groups comprise firstly, the binuclear-substituted 
nitro-naphthylamines in which the contributions of the ionic or quinonoid 

* An examination of the infra-red spectra of the mononitro-naphthylamines 
has shown that whereas there is considerable hydrogen bonding in the cases of 
2-nitro-i-naphthylamine and i-nitro-2-naphthylamine, hydrogen bonding does 
not occur in 3 -nitro- 2 -naphthylamine : both the amino and the nitro bonds 
were examined. This difference is most simply attributed to the high proportion 
of double-bond character in the C,—C» bond. (Private communication, Dr. 
D. E. Hathway.) 
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states should be noticeable. Such contributions as the following (IV) 
are, however, of less significance than in the mononuclear-substituted 
compounds because of the greater charge separation, but the effect is 
quite definite and results in a lowering of the pK 0 values of the group 



(IV) 


by approximately 0-3 unit under those for the remaining binuclear- 
substituted group. This last group contains the compounds in which 
no important contributions of a quinonoid type involving the two nitrogen 
atoms can be expected, and they are therefore the most basic of all the 
nitro-naphthylamines, the average value for three members being 3*15. 
(It will be observed that if corrections are applied for temperature vari¬ 
ations, the figures are somewhat further apart but not more than o-i pH 
unit.) The only exception is 8-nitro-i-naphthylaminc (2*79) but peri- 
derivatives generally show anomalous behaviour. In this case we must 
postulate that the angle between the —N 0 2 dipole and the C—N link 
of the amino group is about the same as that for the 2-nitro-3-naphthyl- 
amine since the inductive effect of the —NO a group is about the same in 
both cases. Bcrgmann and Hirshberg 4 report pK a values for 3-chloro- 
2-naphthoic acid and 8-cliloro-i-naphthoic acids of 4-37 and 4*05 re¬ 
spectively which slurw similar trends (a- and 0-naphthoic acids, 3-69 and 
4 '* 7 )- 

The values for the a and p compounds in each of the binuclear- 
substituted groups are surprisingly close and indicate that the difference 
between the basic nature of the amino group in the a and p positions 
has been largely but not completely eliminated when the nitro group is 
in the second ring. The effect of the nitro group in these compounds 
is mainly inductive and deactivating, and the reduction in basic strength 
compared to the parent naphthylamine is not more than x unit. This is 
in marked contrast to the effect of the nitro group in the mononuclear- 
substituted compounds where the distinction between the a- and / 3 -NH a 
groups is even more marked than in the parent substances. Further 
evidence is required to test whether this behaviour is general, and in a 
subsequent paper the amino-sulphonic acids will be discussed in this 
connection. It may be observed that while the pK a values of anthracene 
1- and 2-carboxylic acids are 3-69 and 4*2 respectively, those for anthra- 
quinone 1- and 2-carboxylic acids 14 are 3*37 and 3-42. This evidence 
seems to confirm the above observation although the possible effect of 
hydrogen bonding should not be overlooked. 

Dipole Moments and Basic Strengths. —The available figures for 
the dipole moments of the nitro-naphthylamines given in Table I do not 
permit a satisfactory correlation with the basic strengths. The values 
for the 1 : 4 and 2 : 6 compounds show the expected exaltation of dipole 
moment but the 1 : 5 compound has a value close to that calculated from 
the moments of the individual groups. Nevertheless, the basic strengths 
of the 1 : 5 and 2 :6 compounds are almost equal. Both i-nitro-2- 
naphthylamine and 8-nitro-2-naphthylamine have the same dipole moment 
(4-47) while their basic strengths (pK a values, — 1*0 and -f- 2-86) are 
widely different. It is clear that no simple relation exists between these 
physical properties. 

It was hoped that the results obtained for the pK a values would serve 
as a suitable test for the contention of Jenkins 14 that pK values are pro¬ 
portional to the potential established by the —NO s dipole at the functional 

14 Jenkins, J. Chem. Soc. f 1937, * 137 - 15 Lauer, Ber. t B t 1937, 7 °» 1288. 
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atom. Until more information is available about the dipole moment of 
the —NO* group in different positions in the molecule and how it is in¬ 
fluenced by other groups, it is impossible to do this. Assuming the values 
of the dipole moments of the —NO* group to be 3*98 and 4*36 in the a 
and p positions, only rough agreement with the principle is found. 

Thanks are due to Prof. R. J. W. Le Fevre, Dr. F. H. Reuter, and 
Messrs R. M. Gascoigne, R. A. Eade and G. K. Hughes for helpful discussion. 

Chemistry Department, 

Technical College , 

Sydney, Australia. 
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PART VIII. THE VIBRATION FREQUENCIES OF SOME 
OCTAHEDRAL XY 6 MOLECULES 

By D. F. Heath and J. W. Linnett 
Received 8th November, 1948 

We have examined the application of the orbital valency force field and 
simple valency force field, both including reasonable repulsion between non- 
bonded atoms, to the molecules SF fl , SeF a and TeF a . It is found that the 
O.V.F.F. reproduces the observed frequencies much more satisfactorily than 
does the S.V.F.F. However, the simple O.V.F'.F. does not account satisfactorily 
for the frequency of the vibration of symmetry F ?u which is lower than might 
have been expected. It is suggested that it is possible that during the vibration 
the bonding orbitals of the central atom accommodate themselves to the dis¬ 
tortion by a change of hybridization rendering the distortion easier. 

We have also studied the frequency values suggested by Begeleiscn, Mayer, 
Stevenson and Turkevich for UF a in relation to the frequencies of SF a , SeF a 
and TeF fl and the application of the O.V.F.F. to those hexafluorides. It is found 
that the suggested values are not exactly what would have been anticipated. 
This is discussed and possible explanations are considered. 


In Part III 1 of this series we described a new molecular force field 
which was based on the modem view that directed valency bonds are 
to be related to the form of the atomic orbitals. This field was there¬ 
fore called the orbital valency force field. It was further applied to tetra¬ 
hedral molecules in Parts IV 2 and V 3 where it was shown to be superior 
to the simple valency force field. The necessity of including terms in the 
potential energy (P.E.) function to allow for the repulsion between non- 
bonded atoms had been demonstrated in Part II 4 and further confirmed 
in Parts III, IV and V. The present paper describes the application of 
the orbital valency force field (O.V.F.F.) combined with the necessary 
repulsion terms to the octahedral molecules SF e , SeF 6 and TeF 6 . We 
also include a consideration of the vibration frequencies of the molecule 
uiv 

The octahedral molecules, XY a , of symmetry O h each show six funda¬ 
mental vibration frequencies. One vibration is non-degenerate (Class 
A u ), one is doubly degenerate (Class E g ) and four are triply degenerate 

1 Heath and Linnett, Trans. FavUday Soc., 1948, 44, 873 . 

2 Heath and Linnett, ibid., 1948, 44, 878. 

3 Heath and Linnett, ibid., 1948, 44, 884. 

4 Heath and Linnett, ibid., 1947, 44, 561. 
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(two in Class Fiu and one each in classes F u and i 7 *,). 6 The forms of 
these (one member of each degenerate set) are shown in Fig. i, in which 



Fig. 1.—The fundamental vibrations of XY e molecules of symmetry O h . 

the vibration frequencies are labelled n x . . . ; n Jt n 2 , and n s are associ¬ 

ated with essentially valency vibrations, and n if n & , and with essentially 
deformation vibrations. n x , n 2 , and are allowed to appear in the 
Kaman spectrum, w 3 and « 4 are allowed to appear in the infra-red 
spectrum, « 6 is not allowed to appear in either because the vibration 
of Class F 2u is forbidden for both the Raman and infra-red spectrum. 
This means that only the first five fundamental vibration frequencies 
can be directly determined spectroscopically. n a has to he obtained either 
from combination tones or from specific heat data and it is therefore 
less accurate. 

The frequencies of SF 6 , ScF fl and TeF„ are given in Table I. These 


TABLE I. — Vibration Frequencies of XY e Molecules in cm.- 1 


Molecule 

«1 

«2 

«3 

”4 

Hj 

«« 

SFi 

775 

644 

)t>5 

617 

524 

3^3 

SeF 6 

708 

(>() 2 

'87 

401 

405 

245 

TeF fl . 

701 

674 

? 5 2 

370 

3*3 

1 

165 


are obtained from a paper of Bartholom6 and Sachse.® These workers 
suggested that certain anharmonicity corrections should be made to the 
observed frequencies but as their arguments for the magnitudes of the 
corrections to be applied do not seem altogether sound we have used the 
observed values uncorrected for anharmonicity. n t for TeF e was not 
directly observed but was derived from overtones. It seems to us that 
any value between 340 and 370 cm.- 1 would account satisfactorily for 
the overtones observed and one cannot therefore fix the value more 
closely than this. The frequency « e is determined for all these molecules 

v „ 5 Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (Van 
Vpstrand Co. Inc., 1945)1 P- 123. 

• Bartholom^ and Sachsse, Z. physik. Chem. B, 1935, a8, 237. Euken and 
Ahrens, ibid., 1934, 26, 2 97- Euken and Bartels, ibid., 1921, 98, 461. Euken 
and Bertram, ibid., 1936, 31, 361. Yost, Steffens and Gross, J. Chem. Physics, 

*934. 3“. 
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by combining spectroscopic and specific heat data. Consequently this 
frequency may easily be in error by 20 cm. -1 . 

Calculations. —In obtaining an expression for the vibration frequencies 
we have used a P.E. function based on the simple O.V.F.F. with repulsion 
between the non-bonded atoms. That is, it has the form : 

2F = 2+ * 7 »Z( A W ~ 

j 3 3 j* 

+ 2 aJ'Iar,*)*, 
jk 

where i represents the central atom and j, k, etc., the outer atoms; A r iS 
is the increase in the bond length r tJ from the value in the equilibrium 
configuration and A R }lc is the increase in the distance between the non- 
bonded atoms j and k from the value which R jk has in the equilibrium con¬ 
figuration ; A p t} is the angle the line from the central atom to atom j 
makes with the line in which the particular orbital has its maximum value, 
and it measures the movement of the atom away from the direction in which 
the orbitals of the two atoms show maximum overlap (sec Part III). 1 
B\ ti\, h\ B and A are constants. The second and third are the O.V.F.F. 
stretching and bending force constants. The fourth and fifth are those 
which represent the repulsion between the non-bonded atoms expressed 
in the form (see Part II)/ 

V =* - BAR + A (Aft) 2 , 

where B ~ — (dF/d/?) 0 and A -= J(d 2 F/dR 2 ) 0 , 

these differentials being taken where R has the value for the equilibrium 
configuration. The first term involving B' is necessary so that V shall 
be a minimum when Ar, A /9 and A R are all zero. 

The expressions for the six vibration frequencies of the octahedral 
molecules in terms of k lt kp, A and B/R are given below (kp — kp'/r 2 ) ; 
m t is the mass of the central atom X and m 2 is the mass of the outer atom 
Y. In addition we have given the expressions that would be obtained 
for the vibration frequencies using a P.E. function based on the S.V.F.F. 
with repulsion terms. The S.V.F.F. bending constant is designated by 
k a '\ A‘«(— k^'/r 2 ) appears in the formulae. Throughout the formulae we 
use A, — 4ir 8 w/. 

Class A lg 

Both O.V.F.F. and S.V.F.F. 

\ — (Ai -f* 8A)/m 2 . 

Class E v 

Both O.V.F.F. and S.V.F.F. 

8 B 8 

A, = (A, - -~+~A)/m 1 . 

Class F lu 

Both O.V.F.F. and S.V.F.F. 

f- A 4 ==/n(i/»« a + 2/m,) +/ 22 (4/m, + x/m a ) — 4V2 x / 12 /»»„ 

A, x A 4 = (/„/„ — / l2 *)(!/»»,* + 6/m,m 2 ), 
where 

fn = (ft, - 2 B/R + 4 A), 

ft, = (2V2 A - V2 B/R), 

ft, = (kp + 3B/R + 2 A) for the O.V.F.F., 

ft, = (2ft» + 3 B/R + 2 A) for the S.V.F.F. 
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Class F lg 

A 6 == (kp -f 2 B/R + 4 A)/m t for the O.V.F.F., 

A 5 = (4^ + 2 B/R + 4 A)/m 2 for the S.V.F.F. 

Class -Fj u 

A # = (kp + 2 A)/wii for the O.V.F.F., 

A 6 = (2k a + 2 A)/mi for the S.V.F.F. 

In introducing the repulsion constants into our calculations we have 
followed the procedure of Parts III and IV in which we supposed that 
the function a/R 1 * provided a sufficiently close approximation to the 
P.E. function for the interaction of the non-bonded atoms at the distances 
existing in the molecules with which we were concerned (i.e. at separations 
less than that at the minimum of the van der Waals’ curve). 7 By doing 
this we are able to fix B/R once we have chosen A for B/R — t$A, if 
V = a/R 1 *. (This will be discussed in more detail in a subsequent paper.) 
So in treating these molecules we have three adjustable constants per 
molecule— k lt kp and A if the O.V.F.F. is used and k lt k M and A if the 
S.V.F.F. is used. The results of our calculations of n x . . . n 6 (those 
frequencies that can be directly observed spectroscopically) are shown 
in Table II. This Table lists the constants used and compares the 


TABLE II. Comparison of Calculated and Observed Frequencies (in 
cm.- 1 ). The Constants k v k a , kp, A and B/R are given in Units of 
10 5 Dyne /cm. 












| % Error 

Molecule 

k 1 

and 

A 

BfR 

«1 

n ? 

«3 

« 4 

*5 






*/? 






1 


Ml, W 2 , 1 

"3, 

« 4 , n 6 

SF, 


Observed 


775 


965 

617 

525 

_ 


_ 

OVF 1 - 

3'55 

1-15 1 

I 0-425 | 

| 0-0655 

7*7 

635 

971 

022 

5 B> 

I-I 9 

i 

0-98 

SVI< F 

37 

1 °*4 

1 0-4 

I 0-0615 

7»5 

939 

954 

571 

545 

1-00 


572 

ScF 6 


Observed 


708 

662 

7*7 

^ 6l 

405 



— 

OVFF 

4-3 I 

T * OO 

0-1875 

0-0290 

720 

f) 50 

802 

4 (, 3 

402 

t-8 


0*58 

SVFF 

4’3 1 

1 0-25 

0*20 j 

0-307 

726 

t >57 

794 

382 

408 

1*3 


8-94 

TeF, 

4*^5 | 

Observed 


701 

674 

751 

370 

34 ° 

'313 

— 


— 

OVFF 

o 7 S I 

0-075 j 

o-o I 15 

698 

669 

775 

35 i 

3 T 3 

T* 3 T 


0 

SVFF 

4*9 1 

0*20 1 

o-oSo 1 

0-0123 

7°4 

674 

780 

277 

320 

1-28 


9 



Average errors 



OVFF 


1*33 


0-52 








SVFF 


119 


8 -o 



Average overall errors 

. 

OVFF 



0-92 








SVFF 



4 -< 

D 


frequencies calculated with those observed. It also lists the average 
percentage error for the frequencies of the valency vibrations (n lt n % 
and n^) and the average percentage error for the frequencies of the bending 
vibrations (n 4 and n 5 ). It will be seen that the O.V.F.F. with repulsion 
accounts for the observed frequencies very well, the average difference 
between calculated and observed being under 1 %. The S.V.F.F. with 
repulsion is much less successful. Moreover, the S.V.F.F. succeeds with 
the frequencies of the valency vibrations but fails with the frequencies 
of the deformation vibrations. It appears therefore that the O.V.F.F. 

7 See ref. 2 and Fowler and Guggenheim, Statistical Thermodynamics (C.U.P),. 
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treatment of angular distortion is much more satisfactory than the 
S.V.F.F. treatment. The conclusion reached for the BF # -type molecules 
in Part III, and for the CCl 4 -type molecules in Part IV and for the 
SO’-type ions in Part V is therefore confirmed in this study of the 
octahedral molecules. 

It remains to consider the calculation of n t for these three molecules. 
The results of calculations using O.V.F.F. and S.V.F.F. are compared 
with the observed frequencies in Table III—the force constants listed in 
Table II were used to calculate « 8 . It will be seen that the observed fre- 

TABLE III. “-Comparison of Calculated and Observed Frequencies 
(in cm.- 1 ) for w 6 . The Force Constants Listed in Table II were 
Used 



| Values of (cm.-*) 

Molecule 

Observed 

O.V.F.F. 

S.V.F.F. 

SF« . 

3 f >3 

423 

378 

SeF fl 

245 

350 

284 

TeF 6 

if >5 

288 

224 


quencies arc less than those calculated using either force field. The 
frequencies calculated using S.V.F.F. are nearer than those calculated 
using O.V.F.F. but with both SeF 8 and TcF 8 the values calculated using 
S.V.F.F. are not at all in agreement with the observed figures. We can 
therefore only conclude that both the ordinary S.V.F.F. and the ordinary 
O.V.F.F. as described in Part III do not account for the low value of 
The low value of n t means that this vibration occurs very easily. 
That is, when this type of distortion occurs the restoring force coming 
into play is relatively small. This would be the case if the directed 
atomic orbitals of the central atom were able to change their orientation 
by change of hybridization in such a way as to follow the vibration of 
symmetry class F 2u {n e ). B If that is the true explanation of the low value 
of n 0 we have an example here that is similar to that examined by Linnett 
and Wheatley for methane. 9 We have shown that the possibility that 
the bonding orbitals of the central atom change their hybridization in 
such a way as to follow the F 2u vibration is not forbidden by the sym¬ 
metry of the distortion, so that such a following is allowed. We have 
shown that orbital following during the vibration by change of hybridi¬ 
zation is forbidden for the bending vibration of symmetry F 2g but is allowed 
for that of symmetry F lu , The results obtained for n A and n 6 indicate 
that there is no more orbital following for the F lu vibration than for the 
F 2g vibration. Since no orbital following is possible for the F 2g vibration 
this must mean that there is no change of hybridization of the bonding 
orbitals of the central atom during the F lu vibration. This suggests 
that a change of hybridization of the orbitals in such a way as to distort 
them according to the symmetry of class F lu is so difficult that, though 
it is allowed, it does not occur appreciably. We are not, at present, 
able to offer any explanation for this. However, distortion according 
to the symmetry of class F iu docs seem to be possible because of the low 
values of n t in all these molecules. It is interesting that the distortion 
in class F 2u is such as to bring the four distorted bonds towards a tetra¬ 
hedral configuration (see Fig. i) and it may be that this should be con¬ 
sidered when seeking an explanation of why the bonds seem to accommodate 
themselves to the distortion of symmetry class, F %u . 

• Linnett and Wheatley, Trans. Faraday Soc., 1949, 45, 33. 

•Linnett and Wheatley, ibid., 1949, 45, 39. 
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Uranium Hexafluoride. —Begeleisen, Mayer, Stevenson and Turke- 
vich 10 have recently suggested values for the vibration frequencies 
of UF,. Their suggestions are summarized in Table IV. We will con- 


TABLE IV.— Vibration Frequencies of UF e as Assigned by Begeleisen, 
Mayer, Stevenson and Turkevich 


Vibr. 

Frcq. 

(cm.-*) j 

How Observed 

*1 

656 

Observed in Raman spectrum 


5 n 

Observed in Raman spectrum, more faintly than n x 


640 

Observed as strong absorption band in infra-red spectrum 

w 4 

200 

From combination bands in infra-red spectrum 

*5 

200 

Observed in Raman spectrum of UF e solution 


130 1 

, 

From combination bands in infra-red spectrum 


sider these frequencies in relation to the frequencies of SF 6 , SeF 6 and 
TeF ft . We have not made detailed calculations for UF fl because, as will 
be seen from the considerations presented below, there seems to be a 
major difference between its vibrational behaviour and that of SF 8 , SeF e 
and TeF e if the frequencies suggested in Table IV arc correct. Of course, 
UF 6 must be electronically very different from the other hexafluorides 
because uranium has an atomic number six greater than the previous 
inert gas whereas Se and Te arc at the end of a long period having an 
atomic number sixteen greater than the previous inert gas and two less than 
the next inert gas. Electronically we have the state of affairs that, for S, 
Se and Te, the least tightly-bound electrons are those in a £-shell whereas 
this is not the case for uranium. The bonding electrons used by uranium 
in UF 6 are therefore probably quantized quite differently as regards their 
subsidiary quantum numbers from those used by S, Se and Te in SF e , 
SeF # and TeF 6 . In the latter the bonding orbitals of the central atom 
are almost certainly six sp*d 2 hybrids, but uranium probably uses quite 
different bonding orbitals in UF 8 . It has been suggested that UF e is 
not octahedral 11 but the recent spectroscopic evidence of Begeleisen, 
Mayer, Stevenson and Turkevich seems to indicate that it is, and, in what 
follows, we have presumed that the molecule has the symmetry of the 
Group 0 h . 

In the series SF fl , SeF 6 , TeF e , UF 6 the fluorine atoms get farther apart 
as the atomic number of the central atom increases. This will mean 
that the repulsion terms become smaller on passing up the series. 
Reference to the formulae for n x and shows that the difference between 
these two frequencies should get smaller as repulsion between the non- 
bonded atoms (and A) decreases. When A and B are zero n x and n t 
should be equal. Reference to Table I shows that the observed values 
of (n x — n t ) do in fact decrease on passing from SF e (131) through 
SeF 6 (46) to TeF« (27) in the manner that would be expected. But the 
suggested figures for UF«, where the FF separation is still greater (»! ~ 656 
and n % = 511 and (w, — n % ) = 145) do not continue this expected trend 
and in fact (n x — n a ) is greater for UF« than for SF e . There seem to be 
two possibilities. In the first place the suggested frequencies for UF, 
may be in error. If this is so, it would seem most likely that n x is correct 
but n % incorrect, for n x appears more intensely in the Raman effect than 
n t . If the suggested values for n x and n t are correct, the large difference 
between them, and the fact that UF e does not follow the series of SF«, 
SeF € and TeF e could be ascribed to the difference that exists electronically 

10 Begeleisen, Mayer, Stevenson and Turkevich, J. Chem . Physics, 1948, 
16, 442. 

11 Braune and Pinnow, Z. physik. Chem . B, 1937, 35 f 2 39 * 
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between UF e and the other hexafluorides. The low value of n % , relative 
to n l% would result in the k x derived from n z being less than that derived 
from n x . This would indicate that the distortion corresponding to n % 
occurs more readily than that corresponding to n x presumably because 
the bonding electrons could change their orbitals in such a way as to 
make this distortion less difficult. 

In the series SF„, SeF fl , TeF 6 , (« 3 — w x ) decreases, being 180, 79 and 
51 for these three molecules respectively. Examination of the algebraic 
formulae shows that this decrease in (w 3 — n j) is likewise due to the decrease 
in A as the fluorine atoms become farther apart. For UF e , (w s — n t ) 
equals — 16, whereas a continuation of the above scries would have 
suggested that (;? 3 — « 2 ) for IJF 6 should at any rate be in the range -f- 10 
to 4- 40. Now n x is the most reliably determined Raman frequency 
and n 9 , except for the difficulty of a possible Fermi degeneracy, is the 
most reliably determined infra-red frequency. If the possibility of Fermi 
degeneracy were neglected w 3 would be even smaller which would make 
(« 3 — n t ) more abnormal in relation to SF fl , SeF 0 and TeF 6 . It is unlikely 
that w 3 is greater than 640. So the abnormality of UF 6 here seems to 
be real. It appears that the deformation corresponding to n z is less 
difficult than that corresponding to n v 

In the series SF e , SeF 6 , TeF 0J (n x — n 6 ) decreases in passing along the 
series (as A decreases and n x increases) being 92, 56 and ca. 40 in these three 
molecules. In UF 0 , w 4 and n 5 are given the same value by Begeleisen, 
Mayer, Stevenson and Turkevich. That this should be approximately 
true would be anticipated though we might have expected n k to be rather 
greater than 

As regards n 6 it again appears that the frequency is lower than one 
might expect because the simple O.V.F.F. predicts that when A and B 
are small, as they should be in UF fl , n B and n b should be approximately 
equal. The low value of w fl therefore indicates that the distortion cor¬ 
responding to this fundamental frequency (F a «) occurs more readily 
than would be anticipated from the O.V.F.F. and that its behaviour is 
therefore similar to that of n 6 in SF e , ScF 6 and TeF 6 . 

To summarize the above there seem to be two alternatives—(i) The 
values of n lt n 3 , n 4 , n & and n 6 suggested by Begeleisen, Mayer, Stevenson 
and Turkevich have relative magnitudes which are quite similar to what 
would be expected from consideration of SF 8) ScF„ and TcF 6 , though 
n 9 would have been expected to be a little greater than n x instead of a 
little less. But the suggested value of n 2 is quite different from what 
would be expected by considering SF 0 , etc., and the application of the simple 
O.V.F.F. or S.V.F.F. to these molecules. Both of these considerations 
would have suggested that n % should be in the range 600 to 650 cm."” 1 . 
It is interesting that five of the six fundamental frequencies given by 
Begeleisen, Mayer, Stevenson and Turkevich do have relative values to 
be expected from examining SF fl . etc., and perhaps this suggests that the 
sixth (w 8 ) should also have a magnitude consistent with an examination 
of the other hexafluorides. If n 2 were changed to a value between 600 
and 650 cm.- 1 it would be necessary to alter one of the other frequencies 
slightly to account for the thermodynamic data. However, the exact 
magnitudes of n t and are uncertain and a very small decrease in these 
small triply-degenerate frequencies would compensate for the increase 
of the doubly-degenerate n a from 511 to about 625. Also, if n a were changed 
from 511 to about 625 it would not be possible to explain the faint infra¬ 
red bands as neatly as is done by Begeleisen, Meyer, Stevenson and 
Turkevich. But until we know more about the intensity of overtones 
and combination levels it is difficult to be sure that we should only con¬ 
sider binary combination levels as is done by Begeleisen, Mayer, Stevenson 
and Turkevich. Also, because there are vibration frequencies of the 
order of 100 to 200 cm.* 1 , transitions from excited vibrational levels might 
appear faintly, (ii) If the values suggested by Begeleisen, Mayer, 
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Stevenson and Turkevich are correct the fact that the magnitude of n % 
for UF fl does not bear the same relation to the other frequencies that it 
does in SF 6 , SeF 6 and TeF 6 , might be a result of the different quantization 
of the bonding electrons of uranium from those of S, Se and Te. One way 
in which this might be tested is by an examination of the Raman and 
infra-red spectra of WF e and MoF 6 . 

In conclusion we wish to thank Imperial Chemical Industries for the 
loan of a calculating machine, and Prof. C. A. Coulson for most valuable 
discussions. 

Inorganic Chemistry Laboratory, 

Oxford. 


MERCURY CUT-OFFS FOR 
THE CONTROLLED INTRODUCTION OF GAS 


By J. C. P. Mignolet 

Received 2Qth July, 1948 ; as revised , 10 th November, 1948 

A simple introductor and two micro-in trod uctors of the mercury cut-off 
type are described, by means of which volumes of gas down to 0*2 mm. 3 are easily 
introduced. 


When trying to use a simple U-shaped mercury cut-off for the intro¬ 
duction of gas from a generator at atmospheric pressure into an evacuated 
reservoir, the gas flow will generally get out of control after the first few 
bubbles have entered. This trouble cannot be stopped by raising the 
mercury reservoir and mercury is blown into the system. The explanation 
is simple : when the first few bubbles escape the length of the mercury 
column is temporarily reduced. Since the resistance to flow is low, the 
rate of gas flow greatly increases and more mercury is forced upward ; the 
process is thus self-accelerating. This difficulty can be avoided in a number 
of ways 1 * 2 > 3 the simplest being to insert a capillary in the path of the 
gas. 


Experimental 

Type A Introductor. —This method is used in Type A introductor (Fig. 1) 
which may be considered as a modification of Benton and White’s cut-off. 3 
By suitable choice of capillary, the gas flow can be adjusted by the height of 
the mercury reservoir since the flow is proportional to the distance by which the 
latter is lowered below the cut-otf level H. Thus, the gas flow can be made ap¬ 
proximately the same as that from a generator and purifying system without 
risk of producing a depression in them. Single bubbles are easily introduced. 
Type A introductors are believed to be superior to the well-known porcelain 
or sintered glass type as regards simplicity and flexibility and for use in intro¬ 
ducing small measured volumes (see Types A and B microintroductors derived 
from Type A). They are, however, inferior when large gas flows are to be handled. 

The dimensions of the introductors used are as follows. The capillary has 

1 Stock, Z. FJektrochem 1917* 33 , 23. Klemenck, Die Behandlung und 
Reindarstellung von Gasen (1938), p. 14. 

2 Stock, Z . Elektrochem ., 1933, 39 , 256. Wansbrough-Jones, Proc. Roy. 
Soc. A., 1936, 127, 530. 

8 Benton and White, /. Amer. Chem. Soc., 1930, 52, 2328. 






Type A Type A Type B Composite 

mtrodudor. microrntrocfuctor. microintroductor . microintroductor ; 


Fig. i. 


the long limb and the safety capillary C (Fig. i). The mode of operation is quite 
simple, The float of the " bubble-cutter ” is raised above level E, and the mer¬ 
cury reservoir is raised until the burette-tube and the “ bubble-cutter " are 
filled with mercury to E. The mercury reservoir is slowly lowered until the 
burette contains the required volume of gas and then the float is pushed dowm, 
thereby isolating the gas contained in the burette. As the float is pushed farther 
down, the gas bubble travels first down the burette tube and then up the main 
limb, the smallest volume of gas that can be introduced is about 10 to 20 mm. 3 
Smaller bubbles stick on their way, usually at the junction ; attempts to reduce 
this volume were unsuccessful. 

Type B Micro-introductor. —Another micro-introductor (Fig. 1) was 
found to be quite satisfactory. Here the bubble is led through a capillary at a 
higher level where its volume is much greater. The operation is the same as 
with T ype A. Finally, the mercury reservoir is lowered to bring the mercury 
under the junction so as to avoid trapping any gas. Long bubbles are measured 
in burette 1. Short bubbles arc measured with a considerable magnification 
- burette 2 » pressure being read on the capillary manometer. The gas 
bubbles are easily brought to rest by acting only on the float. For volumes 
over 0-2 mm. , with capillaries of 0*5 mm. diam. or larger, Type B micro-intro- 
auctors are quite satisfactory. For smaller volumes, difficulties arise as narrower 
capillaries have to be used. A burette having a 0-2 mm. diam. capillary was 
rejected because the mercury meniscus moved jerkily, thereby making it difficult 
to make short bubbles and 1o measure them in burette 2. 

One type A and several Type B micro-introductors can be combined together 

shown schematically in Fig. 1) with a common mercury reservoir and long 
without risk of interference. Two such composite micro-introductors 
have been m use for one year and found to be quite satisfactory. Their accuracy 
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was checked in special tests in which bubbles of measured lengths were intro¬ 
duced into a known volume and the pressures measured. For the last one, the 
following cross-sections were found : 


Type 

Cross-sections 

Calibration with 
Mercury (mm. 8 ) 

Introduction Experiment 
(mm. 8 ) 

A 

1-98 

1 * 99 ; 1 * 97 : i *97 

B-burette 1 . 

0*379 ; 0-381 

0-384 ; 0-374 ; 0-383 ; 0-382 

B-burette 2 . 

0-327 ; 0-329 

0-294 I 0-298 ; 0-320 ; 0-304 


The errors in the cross-sections using burette 2 were mainly due to errors 
in bubble length caused by sticking. 

Miscellaneous Details. —The safety capillary is somewhat troublesome 
when Type A micro-introductor is used as a simple introductor. It causes 
the mercury to oscillate in the “ bubble-cutter ” and the gas flow to be broken 
up into groups of bubbles succeeding one another very closely. These un¬ 
desirable oscillations can be avoided by lowering the mercury level in the " bubble- 
cutter ” by means of the float. 

In contradistinction to Type A micro-introductors, those of Type B work 
only within a limited range of gas pressure in the main limb : i.e. from o tc 
pgen — A p Kll , where p gen is the pressure in the gas generator (about 1 atm.) and 
&Pkl is the difference in pressure between points K and L. For larger p, the 
burette tube is filled with mercury and cannot be emptied by lowering the mercury 
reservoir. 






The junction between the bubble-cutter and the burette-tube must be care¬ 
fully made if small bubbles are to be " cut.” The usual tapering joint is in¬ 
adequate. Fig. 2 shows the principal stages in blowing a correct junction. 
The joint and the bulb should be rather thin, especially with ordinary glass. 


My best thanks are due to Prof. L. D’Or for his interest in this work 
and for facilities to carry it out, and to Prof. H. W. Melville for kindly 
correcting the manuscript. I am indebted to Dr. A. Orzechowski for 
drawing my attention to Benton and White's cut-off, 

Institut WaltMre Spring , 

Universitd de Liige , Belgium. 



A STUDY OF THE FINE STRUCTURE OF 
CARBONACEOUS SOLIDS BY MEASUREMENTS 
OF TRUE AND APPARENT DENSITIES 

PART I. COALS 

By Rosalind E. Franklin 
Received 1 8th November, 1948 

The true density of a series of coals was measured with helium gas and 
apparent densities were measured with methanol, water, n-hexane and benzene 
liquids. From the results obtained, the following conclusions were drawn. 

Helium fills rapidly and completely the pore space of coals ground to pass 
a 72 B.S. sieve, and measures the true density of the coals. The pore space of 
coals ground to pass a 72 B.S. sieve is filled by methanol almost completely in a 
few hours. There is a contraction of 2-6 x io~ 8 cm. 2 for each cm.* of surface 
covered by methanol. Water, w-hexane and benzene fill the pores space of some 
low rank coals practically completely. The apparent densities of such coals 
in these liquids are high owing to the contraction which accompanies adsorption. 
w-Hexane and benzene penetrate only very slowly into the pore space of some 
coals owing to the relatively large diameters of the molecules of these liquids. 
There is no appreciable volume of closed pores in coals. 

The accessibility of the pore space of a coal to liquids and gases varies with 
rank in a manner similar to the porosity and adsorptive properties. Coals of 
high porosity have the most open pore structure. The pores in coals contain 
numerous fine constrictions, and the variation in the accessibility of the pore 
space from one coal to another is related to a variation in the width of these 
constrictions rather than in the mean diameter of the pores. The width of the 
constrictions is of the same order as the diameters of simple molecules and is 
smallest in coals containing between 89 % and 93 % carbon. 


The Apparent Density of Porous Solids.—It is well known that 
the apparent density of finely porous solids and of solids possessing large 
specific surfaces is highly dependent on the method of measurement. 
The variation may be attributed in the main to two factors which in¬ 
fluence the results in opposite directions. Values greater than the true 
density of the solid may result from the decrease in volume which ac¬ 
companies adsorption of the filling fluid; alternatively, slow or in¬ 
complete penetration of the pores by the fluid may lead to low apparent 
density values. In the latter case a density drift (or increase of apparent 
density with time) is frequently observed. These considerations apply to 
a wide range of organic and inorganic colloidal materials and are well 
illustrated by the many measurements which have been made on charcoals. 
A selection of these is given in Table I ; it is clear that very varied results 
may be obtained with a single charcoal, and also that the values obtained 
with a given series of liquids may fall into different order when different 
charcoals are used. 

The results quoted in Table I show that both incomplete penetration 
of the pores and the contraction due to adsorption may be important. 
Thus the apparent density values are intimately related to the fine 
structure of the solid investigated ; they depend not only on the pro¬ 
perties of the liquid and the density of the solid, but also on the nature 
and extent of the surface of the solid, the size and accessibility of the 
pores, and the extent to which the accessibility of the pores and inner 
surfaces may be influenced by deformation of the solid resulting from 
interaction with the liquid. 
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The object of the present work was to use measurements of true and 
apparent densities to investigate the inner structure of coals, the vari¬ 
ation of structure with rank (see later), and the nature of the interaction 
between coal surfaces and certain liquids. 

TABLE I.— Apparent Densities of Charcoals in Liquids 


Liquid 

Harkins 

and 

Ewing 1 * * 4 * 

Firth* 

Cude 

and 

Hulett* 

Culbertson 

and 

Weber* 

Corriez * 

Activated 

coconut 

charcoal 

Coconut 

charcoal 

Sugar 

charcoal 

Coconut 

charcoal 

Active 

charcoal 

Sugar 

charcoal 

Water 

1-84 

1*90 

179 

185 

1*86 

1*88 

Chloroform 

1*99 

2*18 

2*22 

— 

— 

— 

Benzene . 

2-OI 

i-q6 

1*98 

i*8o 

2*01 

I-6 5 

Carbon disulphide 

2*06 

— 

— 

1*98 

2*03 

i-97 

Acetone . 

2*11 

— 

— 

— 

2*05 

— 

Ethyl alcohol 

i 

2-00 

1*96 

— 

2*01 

— 


Significance of Density Measurements made with Helium.— 

The choice of helium for the measurement of the “ true " density of a 
number of porous solids has been dictated by its small molecular diameter 
which should enable it to penetrate into very fine pores, and by its small 
van der Waals’ field resulting in negligible adsorption on solids at room 
temperature. It is not, however, self-evident that a “ true" density 
can be assigned to a complex and fine-structured material such as coal. 
If the solid contains closed pores which are inaccessible to all fluids 
including helium, then it may be necessary to define arbitrarily whether 
or not such spaces are to be included in the “ true ” volume of the material. 
Further, as has been well emphasised by Hermans, 6 density is essentially 
a macroscopic property, and irregularities of molecular dimensions cannot 
be measured by attempting to pack molecules into the available space. 
Thus, if the structure of the solid is such that “ pores ” of a few Angstroms 
diameter occupy an appreciable fraction of the total volume, then measure¬ 
ments made with helium (molecular diameter 2A) will give an apparent 
density which has no precise or fundamental significance. Hermans 
considers that in the case of cellulose “ there is no longer a conclusive 
reason to believe that any special preference should be given to the 
density found in helium, or that it would have any particular physical 
meaning." All the evidence resulting from the present work, however, 
tends to show that for coals helium may be used to measure a well-defined 
property which may reasonably be called the true density. In par¬ 
ticular, it may be mentioned here that although the fine structure and 
micro-pore volume are known to vary widely from one coal to another, 
the density measured in helium is a function of chemical composition 
only. 7 Further evidence that helium measures the true density of coals 
is given in later sections of this paper. 

The Physical Structure of Goal.—Coals of different rank form a 
series of related materials representing different (though not necessarily 

1 Harkins and Ewing, J. Amer. Chcm. Soc., 1921, 43, 1787. 

8 Firth, Trans. Faraday Soc., 1923, 19, 444. 

8 Cude and Hulett, J. Amer . Chem. Soc., 1920, 42, 391. 

4 Culbertson and Weber, ibid., 1938, 60, 2695. 

* Corriez, 1'hesis (Paris, 1937). 

• Hermans, Contribution to the Physics of Cellulose Fibres (Elsevier Publishing 
Co., 1946), p. 62. 

7 Franklin, Fuel, 1948, 27, 46. 
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successive) stages in the process of “ coalification " which started with 
the decay of plant material in a peat-bog and led to the formation of 
lignites, sub-bituminous coals, anthracites and peranthracites. In¬ 
vestigations of the colloidal structuie of coals are described in a series 
of papers presented to a Conference on the “ Ultra-fine Structuie of Coals 
and Cokes/’ and the subject has also been reviewed by Bangham. 8 
Griffith and Hirst 9 measured the heat of wetting in methanol of some 
two hundred coals, and, with the aid of adsorption data due to Maggs, 10 
gave evidence that the surface area of coals accessible to methanol varies 
from about 20 to zoo m. 2 /g. The relation between the surface area and 
rank of coals is shown in Fig. 1, where the heat of wetting in methanol 
is plotted against the volatile content of the coal.* 



Fig. 1 .— The heat of wetting-volatile matter classification. 

The porosity of a large number of coals was measured by King and 
Wilkins, 11 who used mercury to measure the lump density and water 
Cor the “ true ” density. Porosity values ranged from about 2 % to 
20 %, the variation of porosity with rank being similar to that of the heat 
of wetting in methanol. The highest porosities were found among the 
low rank coals, and the lowest in coals of about 89 % carbon content. 
Measurements by Duningham 12 again reveal a similar relationship between 
inherent moisture content and rank. 

8 Bangham, Ann. Reports, 1943, 40, 29. 

9 Griffith and Hirst, Conference on the Ultrafine Structure of Coals and Cokes 
(B.C.U.R.A., 1944), P- 80. 

10 Maggs, ibid., (B.C.U.R.A., 1943), P* 95- 

* The volatile content of a coal is closely related to its rank, and 1 cal. of 
heat of wetting in methanol is equivalent to approximately 10 m. a of surface 
(see ref. 8). 

“ King and Wilkins, Conference on the Ultrafine Structure of Coals and Cokes 
(B.C.U.R.A., 1943), P- 4*. 

12 Dunningham, ibid., p. 57. 
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Bangham 8 ’ 18 has postulated that coals have a micellar structure, 
the micelles being bound to one another principally by van der Waals' 
forces. Evidence of this is drawn from the behaviour of coal in solvents, 14 
from adsorption and surface area measurements, 10 from the rheological 
behaviour of coal 18 and from the low-angle scattering of X-rays. 16 
The decrease in surface area and porosity with increasing rank (up to 
about 89 % carbon content) is attributed to a process analogous to syn- 
eresis. In the present work, measurements of true and apparent densities 
have yielded further information concerning the size and distribution of 
the pores in coals, and, on the basis of the results, the micellar theory is 
further developed. 

Experimental 

Materials. — Coals. A list of the twelve coals used, together with their carbon 
contents and heats ot wetting in methanol is given in Table II. All the samples 
were of “ bright ” coals (i.e. they contained a preponderating amount of vitrain). 
Except where otherwise stated, all measurements were made on coals ground 
to pass a 72 B.S. sieve, precautions being taken to avoid an undue proportion 
of fines. 


TABLE II.— Analyses of Coals 


Coat 

Locality 

Carbon 

7 o 

Heat of Wetting 
in Methanol 
cal./g. 

A 

Ireland 

952 

0*2 

B 

S. Wales 

947 

7.7 

C 

S. Wales 

94-2 

7-6 

D 

S. Wales 

917 

2*8 

E 

Kent 

909 

2\5 

F 

S. Wales 

897 

20 

G 

Derbyshire 

84*0 


H 

Yorkshire 

* 3-5 

8-8 

J 

Staffordshire 

82*9 

104 

K 

Northumberland 

82-4 

l6*6 

L 

Nottinghamshire 

8 i *3 

n*8 

M 

N orthumberland 

8o*6 

171 


Helium. “ Spectroscopically pure ” helium was supplied by British Oxygen 
Co. Ltd. 

Liquids. Water was freshly distilled ; methanol and benzene of a.r. grade 
and w-hexane boiling at 67°-69° C were used. 

Measurement of Densities with Helium. —A diagram of the apparatus 
is given in Fig. 2. In essentials it was the same as that of Smith and Howard. 18 
The operation consisted in (1) thorough evacuation of the apparatus, (2) measure¬ 
ment of the temperature and pressure of a quantity of helium in the calibrated 
bulb F, (3) transfer of the helium through the capillary tube G into the calibrated 
bulb A which contained the sample, and (4) measurement of the temperature 
and pressure of the helium in the bulb A. This gave the free volume in the bulb A 
and hence the volume of the sample. The sample was weighed after the bulb 
was removed from the apparatus at the end of the experiment. 

The bulb F, at room temperature, was surrounded by a water jacket fitted 
with thermometer and stirrer ; the bulb A was in a water-bath supported on 
the platform P and maintained at 25 ± o*oi° C. During the preliminary evacu¬ 
ation the water bath was replaced by an electric oven. Pressure measurements 
were made by adjusting the mercury level to a fixed mark B (viewed through a 

13 Bangham, Conference on the Ultrufine Structure of Coals and Cokes 
(B.C.U.R.A., IQ43), p. 18. 

14 Kiebler, Ind . Eng. Chem., 1940, 32, 1389. 

16 Riley, Conference on the Ultrafine Structure of Coals and Cokes (B.C.U.R.A., 
1943), p. 232. 

18 Smith and Howard, Ind. Eng. Chem,, 1942, 34, 43. 
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telescope) and observing the height of the mercury in the capillary tube G, The 
capillary tube was carefully selected for uniformity of bore (mean diam. i*i 6 mm., 
maximum deviation 0*004 nun.) and mounted against an engraved steel scale 
which was read to o*i mm. 





When coal is heated in vacuo, evolution of gas continues, at a steadily de¬ 
creasing rate, for long periods of time. Further increase of temperature is always 
accompanied by further evolution of gas. It was therefore necessary to select 
arbitrarily an evacuation schedule which, whilst heating the coal sufficiently 
to ensure that measurable quantities of gas would not be disengaged subsequently 
at room temperature, yet would not cause significant structural changes. In 
practice, the sample was heated to 9o°-ioo° C until a pressure of less than 10-* 
mm. (with the pumps running) was obtained, the minimum period of heating 
being 16 hr. The sample was previously evacuated elsewhere in order to reduce 
its tendency to scatter when evacuated in the density apparatus. It was 
established that minor variations in the above procedure did not influence the 
results. 

The first reading of the pressure of helium in the sample bulb was made as 
rapidly as possible ; it was generally completed 30-40 sec. after the gas first 
entered the bulb. Further readings were taken at intervals until no further 
change was observed in 24 hr. In general, coals showed no density drift in helium 
provided sufficient time was allowed for the sample to come to the temperature 
of the thermostat before the gas was admitted. 

Duplicate determinations of the free-space in the bulb did not differ by 
more than o-i %. The recorded density values are therefore accurate to i 0*2 %. 

Measurement of Apparent Densities in Liquids. —The coal samples, 
contained in calibrated glass bulbs, were evacuated as described above. The 
bulbs were then sealed, the sealed tips were broken off while immersed in the 
liquid, and the bulbs placed in a thermostat at 25 ± 0*02° C before levelling the 
liquid and weighing. The density drift was often considerable, and in order 
to obtain comparative data it was necessary to make measurements after standard 
periods of immersion. Except where otherwise stated, all densities recorded 
were measured after 24 hr. immersion and all density drifts are given as the 
percentage difference between the density values obtained after 2 hr. and after 
24 hr. immersion. Duplicate measurements did not differ by more than 0*5% 
even when large density drifts occurred. 

Lump Density. —For the measurement of the lump density of coals, single 
lumps were dried to constant weight in an air-oven at 105° C, smeared with a 
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thin film of vaseline, and re-weighed rapidly in air and in water. The possi¬ 
bility of errors due to large ash inclusions or other irregularities was eliminated 
by making measurements on five or six different lumps of each coal. 

Correction of Densities for Mineral Matter. —An approximate cor¬ 
rection for mineral matter was applied to all the density values recorded. 
Wandless and Macrae, 17 who made a detailed study of one coal, showed that 
the error involved in correcting for mineral matter on the basis of ash density 
and ash content is not appreciable so long as the ash content is small. The 
corrected density is given by 

j ad'( 100 — A) 

d - iooa - Ad' 9 

where d ' is the observed density, a the density of the ash and A the ash content 
per cent. The correction amounts to less than 2 % for all the coals used in the 
present investigation. 

Measurement of Heat of Wetting. —Heats of wetting of coals in liquids 
were measured by the routine method developed in the B.C.U.R.A. laboratories 
by Griffith and Hirst.* 

Results 

Control Experiments with Helium. —Preliminary experiments showed 
that under the conditions of the density measurements helium penetrates rapidly 
and completely into the pores of all the coals investigated. Equilibrium was 
always rapidly established, and, below a certain size limit, the density was in¬ 
dependent of the particle size of the material (Table IV, column 3). Further, 
the results were not altered when the period of evacuation at 9o°-ioo° C was 
extended from 16 hr. to 10 days. 


TABLE III.— Apparent Densities of the Coals 


Coal 

, 

Helium 

[ 1 

Methanol j 

Water 

w-Hexane 

Benzene 

Density 

(g./cm.*) 

Drift 

1%) 

Density 

after 

24 hr. 
(g./cm.*) 

Drift 

(% 

2 hr. 
to 

24 hr.) 

Density 

after 

24 hr. 
(g./cm.*) 

Drift 

<% 

2 hr. 
to 

24 hr.) 

Density 

after 

24 hr. 
(g./cm.») 

Drift 

11 . 

to 

24 hr.) 

Density 

after 

24 hr. 
(g./cm.*) 

Drift 

(% 

2 hr. 
to 

24 hr.) 

A 

i -6 45 

0*0 

1*700 

o *3 

1*630 

0*0 

1-497 

0*8 

1*518 

1-5 

B 

I* 5 I 7 

0*0 

1-556 

0*1 

1*488 

0*0 

i *433 

1*9 

- 1-450 

2*9 

C 

1*497 

0*0 

1*549 

0*1 

i *475 

0*0 

1*425 

2*0 

— 

— 

D 

1*361 

0*4 

1*374 

o *4 

1-318 

0*0 

1*300 

0-3 

1*293 

o *3 

E 

i *337 

0*0 

1*352 

0*2 

1*305 

0*0 

1*297 

o *3 

1*299 

0*6 

F 

1*311 

0*0 

i *333 

o*6 

1*291 

0*0 

1*286 

o *3 

1*297 

o *3 

G 

1*293 

0*0 

i *334 

o*6 

1*297 

0*0 

1*276 

o *7 

1*286 

i *3 

H 

1*301 

0*0 

1*357 

o*6 

1*307 

0*0 

1*262 

i*8 

1*276 

2*5 

J 

1*302 

0*0 

1*402 

0*7 

i*333 

0*0 

1*297 

o*8 

1*292 

1*3 

K 

1*305 

0*0 

1*387 

o *4 

1*326 

0*0 

1*329 

1*8 

1*342 

i*4 

L 

i*3i7 

0*0 

1*387 

o*5 

1*328 

0*0 

1*272 

2*2 

1*321 

2*6 

M 

1*341 

0*0 

1*327 

o*3 

1*370 

0*0 

1*374 

2*9 




The True and Apparent Densities of Twelve Coals. —The apparent 
densities and density drifts of the twelve coals described in Table II were 
measured in methanol, water, w-hexane and benzene, and true densities were 
measured with helium. The results are given in Table III, and in Fig. 3 the 
densities are plotted against the carbon content of the coals. The main feature 
of the results are— 

(1) The density in methanol is in every case the highest. 

(2) Densities in w-hexane and in benzene are in general lower than the true 
density (measured with helium). Two low rank coals are exceptions. 

(3) Where the apparent densities in n-hexane and in benzene differ appreciably, 
the value given by w-hexane is the lower. 

(4) Apparent densities in water are lower than the true density for high rank 
coals and higher for low rank coals. The change occurs between 82 % and 
85 % carbon content. 

17 Wandless and Macrae, Fuel, 1934, * 3 » 4* 
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TABLE IV. —Influence of Particle Size on Apparent Density 




Helium 

Methanol 

Water 

n-Hexane 

Coal 

Size 

Density 

(g./cm. 3 ) 

Drift 

(%) 

Density 

after 

24 hr, 
(g./cm.*) 

Drift 

(%, 2 

hr. to 
24 hr.) 

Density 

after 

24 hr. 
(g./cm.*) 

Drift 
(%, * 
hr. to 
24 hr.) 

Density 

after 

24 hr. 
(g./cin.*) 

Drift 

(%, * 
hr. to 
24 hr.) 

F 

(1) Through 14 
B.S. on 1/32 
in. . 

1-2Q8 

o-o 

1*315 

2-2 

1-285 

o -9 

1-273 

o-o 


(2) Through 72 
B.S. on 100 
B.S. . . . 

1-299 

o-o 

1*331 

I-I 

1-283 

o-o 

1-271 

0-4 


(3) Through 72 
B.S. . . . 

1*311 

0*0 

i*333 

o-6 

1-289 

o-o 

1-281 

o-3 


(4) Through 

240 B.S. . 

1-307 

o-o 

i*335 

0-2 

1-285 

o-o 

1-291 

o-6 

K 

(1) Through 14 
B.S. on 1/32 
in. 

1-292 

0*0 

i*373 

04 

I*3H 

o-o 

1-316 

2-2 


(2) Through 72 
B.S. on 100 
B.S. . . . 

1-294 

o-o 

1*371 

o-6 

1-318 

o-o 

1*318 

21 


(3) Through 72 
B.S. . . . 

1*305 

0*0 

1-386 

0-4 

1-327 

o-o 

1*330 

1-8 


(4) Through 

240 B.S. . 

1*305 

o-o 

1-380 

o *5 

1336 

o-o 

1*339 

1-8 


Tj -* 

2 
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(5) ( a ) There is, in general, no density drift in helium. One coal showed a 

small drift. 

( b) There is no density drift in water. 

(c) Density drifts in methanol are generally small (o-2-o-6 %). 

(1 d ) Considerable density drifts in w-hexane and benzene are observed 
with some coals. 

(6) True Densities. —The significance of the values obtained for the true 
densities of coals is discussed elsewhere. 7 It is shown that for all the coals in¬ 
vestigated the true specific volume is a linear function of the hydrogen content, 
and extrapolation gives 1*85 g./cm. 3 for the density of a “ coal ” of zero hydrogen 
content. This relationship indicates that there is a characteristic molecular 
or atomic packing which is common to all coals and very different from that of 
graphite (density, 2*26 g./cm. 3 ). 

These measurements provide a general survey of the way in which the ap¬ 
parent densities of coals vary with rank and with the nature of the fluid used to 
make the measurement. The following series of subsidiary measurements were 
made to assist in elucidating the results. 

(1) To ascertain the significance of the Jo w apparent densities of some coals 
in water, -hexane and benzene, the lump densities of the coals c, p, f, 
11 and k were measured as described above, and from the lump densities 
and the densities in helium the true porosities were calculated. The 
results are given in Table IV. 

(2) To investigate further the density drifts and low apparent density values, 
the dependence of the results on the particle size of the coal was studied. 
Results obtained with coals f and k prepared in four size grades are given 
in Table V. 

TABLE V. —Porosity of Coals 


Coal 

Density * of 
Dry Lump 
(g./cm. 8 ) 

Porosity Calc, 
from Density in 
Helium (%) 

C 

1-364 

IO-I 

D 

I- 3 I 3 

47 

F 

1-301 

3-2 

H 

1*214 

7*7 

K 

II 5 I 

12-3 


* Densities not corrected for mineral matter. 

(3) The strong influence of the chemical character of the coal surface on the 
values of the apparent densities in liquids was confirmed by-measurements 
made on oxidised coals. Samples of coals f and k, ground to pass 72 
B.S.S., were spread in thin layers in a well-ventilated air oven at 105° C for 
36 days. The densities and heats of wetting before and after oxidation 
are given in Table VI. 


TABLE VI.— Influence of Oxidation on Apparent Densities and 
Heats of Wetting 



Helium 

Methanol 

. . . l 

Water 

w-Hexane 

Material 

Density 

(g./cm. 8 ) 

Drift 

(%) 

Density 

after 

24 hr. 
(g./cm. 8 ) 

f 

Drift 

(% 2 

hr. to 
24 
hr.) 

Heat of 
Wet¬ 
ting 
(cal./ 
g-) 

Density 

after 

24 hr. 
(g./cm. 8 ) 

Drift 

(% 2 

hr. to 

24 

hr.) 

Heat of 
Wet¬ 
ting 
(cal./ 
g-) 

Density 

after 

24 hr. 

Drift 
(% 2 
hr. to 
24 

hr.) 

Heat 

of 

Wet¬ 

ting 

(cal./ 

gO 

, 

Coal f 

Coal f, 

oxidised 

1-3II 

o-o 

1-333 

o-6 

2-0 

1-291 

o-o 

o-6 

1-286 

0-3 

1-8 

1-359 

o-o 

1-400 

0-7 

3’4 

1-357 

0*1 

3*5 

I-32I 

o-o 

2-3 

Coal k 

Coal k. 

1305 

O’O 

1-387 

o -4 

16-6 

1-326 

0-0 

9-5 

1*329 

i-8 

4'9 

oxidised 

^427 

o-o 

1-577 

i*i 

22-6 

1-479 

0-4 

12-3 

* 

1 * 37 I 

i *4 

1*5 


10 
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Discussion 

Apparent Densities in Methanol: Compression of the Adsorbed 
Liquid. —The apparent density in methanol exceeds the density in 
helium for all the twelve coals investigated. It has been shown above 
that helium penetrates rapidly and completely into the pores of coals 
ground to pass a 72 B.S. sieve. Moreover, measurements on the two 
widely different coals f and k (Table V) show that the pores of coals 
ground to pass a 72 B.S. sieve are also completely filled by methanol in 
24 hr. ; density drifts in methanol are small and decrease with decreasing 
particle size, and density values after 24 hr. are practically independent 
of particle size. The difference between the density values obtained with 
helium and with methanol must therefore be attributed to the contraction 
which accompanies adsorption. 

The contraction per g. of coal is given by (F lie — F MC oh), where V ue 
is the specific volume in helium and F MCO k the apparent specific volume 
in methanol. This function is found to be directly proportional to the 
heat of wetting of the coal in methanol, for eleven of the twelve coals 
investigated (Fig. 4), the contraction being 0-0026 cm. 3 per calorie heat 
of wetting. Only coal j is represented by a point lying well above the 
line, but the heat of wetting of this coal was liberated exceptionally slowly 
and the value recorded is known from other evidence to represent a gross 
under-estimate.* 

Maggs 10 has shown that the heat of wetting of coals in methanol is 
1 cal./io m. 2 of surface, and this is the same as the figure obtained by 



HEAT OF WETTING IN METHANOL, ca/./y. 

Fig. 4. 

Bangham 8 for charcoal. The heat of wetting in methanol may therefore 
be taken as a measure of the specific surface of the coals, modified coals 

* Owing to the limitations of the calorimeter used, heats of wetting could 
only be measured during the first 10 to 20 min. after immersion. Specific 
volumes measured after 2 hr. immersion rather than after 24 hr., were therefore 
used in obtaining the values of (F H e— Fmcoh) shown in Fig. 4. 
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and charcoals discussed here. The linear relationship in Fig. 4 then shows 
that the contraction due to adsorption is proportional to the surface area 
covered. The fact that the line passes through the origin confirms that 
methanol and helium penetrate to an approximately equal extent into 
the pore structure. 

It is important to note that the contraction per unit area of adsorbing 
surface is found to be of equal magnitude for charcoals, anthracites, 
coals of low rank and highly oxidised coals in spite of the widely differing 
physical and chemical properties of these materials. The contraction 
cannot, therefore, be attributed either to incipient solution or to contrac¬ 
tion in the solid substance. 

Taking a heat of wetting of 1 cal. to represent 10 m. 2 of surface the 
observed contraction is 2*6 x io -8 cm. 3 per cm. 2 of surface, or about 
60 % of the volume which would be occupied by a monolayer of methanol 
on the surface of the solid if no contraction occurred. Thus, even if the 
contraction were spread evenly throughout the absorbed material (coals 
absorb the equivalent of from 3 to 5 molecular layers of methanol at 
saturation pressure at 25 0 C), it is surprisingly large. Measurements 
involving charcoals and cellulosic materials indicate, however, that the 
large contraction observed when methanol is adsorbed on coals is not 
exceptional. 

Several authors have calculated the hydrostatic pressure required to 
produce the observed contraction in the adsorbed film, but it seems that 
such calculations can have little meaning since the adsorbed film and the 
forces responsible for its formation are essentially anisotropic, and the 
structure and properties of the film differ from those of the bulk liquid. 
Direct measurements of the volume occupied by water vapour on 
cellulose 18 and by organic vapours on charcoal 19 have shown that the 
greatest contraction occurs for small quantities of vapour adsorbed, when 
the lateral film pressure is very small and the volume change must be 
attributed almost entirely to the close approach of the adsorbate mole¬ 
cules to the surface atoms of the adsorbent. It seems probable, therefore, 
that the greater part of the large contraction observed when methanol 
is adsorbed on coal occurs in the direction perpendicular to the adsorbing 
surface. 

Apparent Densities in n-Hexane and Benzene. —The apparent 
densities of coals in n-hexane and benzene show considerable drifts, and 
the values obtained after 24 hr. immersion are lower than the correspond¬ 
ing densities in helium for all except two of the coals investigated. Pene¬ 
tration of the pores by these liquids is slow and incomplete, and the 
extent of penetration varies with the rank of the coal. In the coals d, 
e and F, the liquids are almost completely excluded from the pores : the 
drifts are exceptionally slow, and for coal d the apparent density in 
n-hexane after 2 hr. immersion is still very near the lump density. The 
densities of the anthracites in n-hexane are much lower than in helium, 
but comparison with the lump density shows that the liquids penetrate 
to a considerable part of the pore space. The coals k and m, for which 
the apparent densities in n-hexane are higher than in helium, are both law 
rank coals of high porosity. It appears, therefore, that the accessibility 
of the pores of coals to n-hexane and benzene is at a minimum for coals 
containing between 89 % and 93 % carbon, and increases for coals of 
higher or of lower rank, being greatest for low rank coals of high porosity. 
That is, the accessibility is closely related to the porosity . 

n-Hexane and benzene readily wet the surfaces of coals, and the vis¬ 
cosity of n-hexane is very low. The poor penetrating power of the liquids 
cannot, therefore, be attributed either to a wetting angle greater than 90° 

18 Stamm and Seborg, J. Physic. Chetn., 1935, 39 » 133- Stamm and Hanson, 
*bid. t 1937,41,1007. 

18 Danforth and Devries, /. Amer. Chem. Soc., 1939, 61, 8^3. 
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or to high viscosity, but must be associated rather with the relatively 
large size of the benzene and w-hexane molecules. The molecule of 
n-hexane is considerably larger than that of benzene, and, where the apparent 
densities of a coal in the two liquids differ appreciably, the w-hexane 
value is the lower. 

The above results therefore suggest that the width of the pores or 
of constrictions in the pore system in coals is of the same order as the 
diameters of the molecules used for the density measurements. These 
fine pores or constrictions are smallest in coals containing between 89 % 
and 93 % carbon. In the coal d the pores or constrictions are so narrow 
that even helium (molecular diameter 2 A) penetrates somewhat slowly, 
a small density drift being observed. 

It may be noted that the low apparent densities in w-hexane or benzene 
are always associated with long, slow drifts. This was observed also 
with other organic liquids of relatively large molecular size ; even the 
heavy oil supplied for a Hyvac rotary pump showed a prolonged density 
drift, indicating slow penetration. This behaviour may probably be 
attributed to slow distortion of the coal substance by the spreading pressure 
in the adsorbed films, and is in sharp contrast with that of carbonised 
coals; the more rigid structure of the latter resists deformation by ad¬ 
sorbed films at 25 0 C, and, if the molecules of a given liquid are too large 
to enter the pores, then the liquid is totally excluded and there is no 
density drift. 80 

Apparent Densities in Water*—The apparent density in water is 
greater than the density in helium for coals of less than about 84 % carbon 
content. For high rank coals, on the other hand, it is intermediate 
between the values obtained with helium and w-hexane, being close to 
the low, w-hexane value for coals containing between 89 % and 93 % 
carbon, and nearly equal to the helium value for the highest rank 
anthracite (Fig. 3). Thus, as in the case of w-hexane and benzene, the 
accessibility of the pores and inner surfaces of coals to water is greatest 
for low rank coals of high porosity, passes through a minimum for coals 
containing between 89 % and 93 % carbon, and increases again with 
increasing rank among the anthracites. 

The failure of water to fill completely the pores of high rank coals 
cannot be due to the size of the water molecule, since the molecule of 
methanol is larger, and apparent densities in methanol are high. More¬ 
over, the absence of any density drift suggests that the cause of low 
apparent densities in water is different from that of the low values ob¬ 
tained with w-hexane and benzene. This difference is also revealed by 
the measurements made on samples of coals F and K ground to various 
sizes (Table V). Finer grinding increases the apparent density of both 
coals in w-hexane, and the drift for coal f is also increased. In water, 
on the other hand, the apparent density of coal f remains constant and 
that of coal k is increased, but in neither case is a density drift introduced. 

It seems, therefore, that the low apparent densities of high rank coals 
in water is an effect associated with their poor wettability. That the 
external surfaces of coals n and f (91*7 % and 89*7 % carbon respectively) 
are not easily wetted by water was shown when attempts were made to 
measure their densities by immersing the sample (not previously evacuated) 
in the boiling liquid in a simple density bottle. The particles were not 
wetted even after prolonged boiling, and apparent densities as low as 
o*7 g./cm. 3 were recorded.* With coals c and k, on the other hand, the 

. 80 Franklin, Coal Res., 1946, p. 37. 

* Striking proof of the way in which poor wettability (due to a large angle of 
contact) may iniluence apparent densities in water even after evacuation was 
obtained with a sample of the commercial carbon black P33. The material was 
evacuated at 90° C for three days, after which time the particles adhered to 
one another, and the substance could be shaken about in the glass bulb in the 
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results agreed well with the apparent densities measured in water after 
evacuation. 

There is an apparent contradiction between these results and some 
later work by Maggs 21 who found that even high rank coals adsorb at 
saturation pressure, sufficient water vapour to fill all the pores. The 
discrepancy may perhaps be due to the fact that Maggs used water 
vapour whereas in the present work the coal was always placed in direct 
contact with the liquid. High rank coals contain adsorbed methane, 
the last traces of which are difficult to remove, and it may be that water 
vapour can replace the gas molecule by molecule, whereas the presence 
of liquid water impedes its escape. 

Dimensions of the Pores in Coals. -Comparison of the porosity 
of coals as measured by King and Wilkins with the heat of wetting in 
methanol as measured by Griffith and Hirst suggests that the porosity 
is approximately proportional to the surface area. It follows that, for 
any given structural model, the mean diameter of the pores is approxim¬ 
ately the same in all coals. Measurements of the porosity of the coals 
c, d, f, h, and k confirm this observation. Assuming that 1 cal. of heat 
of wetting in methanol corresponds to 10 m. a of surface, then, if the pore 
space in coals consists in uniform, cylindrical, non-intersecting pores, 
the mean pore diameter in s?ll coals is about 40 A. Alternatively, if the 
solid consists of equally spaced cubes of coal substance, the distance of 
separation between the cubes would be about 12 A. The dimensions of 
the regions of continuous coal substance would, of course, vary with the 
surface area of the coal. 

It has been shown, however, that coals do not behave as if they all 
contain uniform pores whose size is independent of rank. The pores 
of coal containing between 89 % and 93 % carbon are the least easily 
penetrated by liquids and among both low rank coals and anthracites 
permeability increases with increasing porosity. Similar observations 
have been made by Graham 22 who has pointed out that the permeability 
to methane and to moisture varies widely from one coal to another, the 
permeability of many anthracites and some low rank coals being low 
whereas other low rank coals and also the highest rank anthracite have 
a high permeability. 

Since the mean pore diameter in all coals is approximately equal 
while the permeability varies widely, it must be presumed that the pores 
are not uniform along their length but contain fine constrictions, and that 
the accessibility of the pore space to liquids and gases is determined by 
the size and frequency of these constrictions rather than by the mean 
pore diameter. On this hypothesis, the pores are most highly constricted 
in coals containing between 89 % and 93 % carbon, while low rank coals 
of high porosity have the most open pore structure. 

The configuration of the fine pores must be intimately related to the 
way in which the coal micelles are bound together, and the variation of 
the pore structure with the rank of the coal must be associated with the 
changes in micellar structure which occur during coalification. If the 
decrease in surface area and porosity which occurs with increasing rank 
up to about 90 % carbon be attributed to an increase in the size of the 
micelles, then the decreasing accessibility of the pores is in no way ex¬ 
plained. The results suggest, rather, that the changes in pore structure 

form of a hemispherical lump with a partly shiny surface. Its density in helium 
was 1-89 g./cm. 3 . When attempts were made to measure the density in water 
the solid floated, and approximate measurements gave values of about o-8 g./cm. 8 , 
showing that atmospheric pressure was not sufficient to force the water into the 
evacuated spaces between the loosely aggegrated particles. 

21 Bond, Griffith and Maggs, Faraday Soc . Discussions , 1948, 3, 29. 

22 Graham, Conference on the Ultrafine Structure of Coals and Cokes (B.C.U.R.A., 
I 943 b P- 151. 
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at this stage are due to a closer compacting of the coal micelles . In a later 
paper a simple model based on this hypothesis is developed and is shown 
to be consistent with a wide range of experimental results in addition 
to those described above. 

The work was carried out at the British Coal Utilisation Research 
Association. 
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THE KINETICS OF THE TRANSIENT STATE IN A 
CONTINUOUS REACTION SYSTEM 

By J. D. Johnson and L. J. Edwards 
Received 29th November, 1948 

A throe-vessel, continuous flow laboratory reactor is described, which may 
be used for preparative work or for the study of reaction kinetics. Equations 
for the rate processes in an w-vessel reactor are derived, including the build-up 
of product during the earlier stages before equilibrium has been attained. The 
performance of the apparatus is tested by following the increase in concentration 
when a solution of KC 1 entering the vessel is allowed to come to equilibrium. 
It is shown that the build-up of [Cl“] in each compartment closely follows the 
predicted course and the behaviour of the apparatus deviates only very little 
from the ideal. The ammonolyis of chloroacetic acid to glycine is studied in 
the reactor and the conversion is compared with those obtaining in the batch 
process and in the tubular reactor. 


Certain types of reaction, particularly those in which some of the 
reactants are in large excess, are carried out on an industrial scale by a 
continuous process in order to obtain the maximum yield of product 
under economical conditions. The vessels used for this process may be 
either of the continuous flow tubular reactor type, or may consist of a 
number of stirred mixers in series with one another. When the number 
of vessels in series becomes very large and the volume of each vessel 
correspondingly small, the system approaches the tubular reactor in per¬ 
formance. Both of these systems have been shown to give better results 
than the ordinary batch type of reaction vessel. 1 

On the laboratory scale, the use of continuous flow reactors is less 
frequent, partly owing to the greater practical difficulties in setting up the 
apparatus and partly because the need for economy of materials and 
best use of available reaction space is usually of minor importance. In 
some cases, however, the use of a series reactor offers advantages which 
may outweigh these objections. 

This paper describes the application of a three-vessel system to the 
study of a typical slow reaction between two materials, one of which is 
in large excess. Although only three vessels were used in the experi¬ 
mental work the rate processes for an tz-vessel reactor are derived in the 
theoretical section. A tubular type of reactor would be impracticable 
for slow processes on the laboratory scale owing to the great length which 
would be necessary to obtain the requisite degree of reaction. 

The kinetics of a continuous process differ from those of a batch process 

1 Denbigh, Trans. Faraday Soc., 1944, 4 °» 35 2 * 
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inasmuch as the reaction is extended in space rather than in time. When 
equilibrium has been reached, a stationary state is set up in each vessel 
of the series and, in general, it is only required to know the value of these 
equilibrium concentrations. In cases where reaction is slow, however, 
it may be some days before equilibrium conditions are attained in all 
vessels. Here it is advisable to follow the build-up of reaction product in 
each vessel from the start of the process, otherwise seveial days may elapse 
before it can be quite certain that the reaction is proceeding as planned. 
With a complete knowledge of the theoretical progress of reaction in the 
early stages before equilibrium is reached it is possible to check, at the 
earliest possible moment, such faults as inefficient stirring, back diffusion 
of products or irregularities in feed rates. 

Progress of Continuous Flow Reaction between Two Components 

The reaction to be considered is of the type, 

X -f Y ~ mP + other products, 
where P is the product required in best yield. 

Notation 

n number of vessels or compartments in the reactor, 

V lt V if V 9 , . . . V n volume of individual vessels or compartments, 

Q total volume of all vessels or compartments, 

v x , v y rate of flow of solutions of components X and Y 

into first vessel, 

v rate of flow of products from last vessel, equal 

to sum of v x and v v , 

x 0 , y 0 active concentrations of components X and Y 

in the inflowing liquids, 

t time elapsed from start of reaction, 

x t , x 2 , x z , . . . x n concentrations of X in vessels after time t, 

y it y 2 * y 3 , . . . y» concentrations of Y in vessels after time t, 

y m assumed concentration of Y in all vessels for the 

pscudo-monomolecular reaction, 

Pi, p 2 . Pa, ■ • • p n concentration of F in vessels after time t, 
k velocity constant of the bimolecular reaction, 

x \> *2> . x' concentration of X in vessels after time t in the 

special case when k = o, 

E efficiency with which the total space, Q, is being 

used compared to a tubular reactor of equal volume. 

In deriving the rate equations for the continuous flow series reactor, 
the following assumptions are made— 

1. The volume of connecting pipes between compartments is negligibly 
small. 

2. Instantaneous perfect mixing takes place in each compartment. 

3. No back diffusion of active components occurs between com¬ 
partments. 

4. The feed rates of components and effluent rate of product are 
perfectly uniform. 

5. No volume fluctuations occur in the contents of each compartment. 

6. The whole process is carried out under uniform conditions of 
temperature and pressure. 

The component Y will be taken to be in large excess throughout the 
system ; this is effected by making v y > v x and y 0 > x 0 and filling all 
compartments with Y at concentration y Q before starting the flow of 
reactants. Under such conditions y x throughout the reaction and 
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the bimolecular reaction with velocity constant k may be taken as mono- 
molecular with respect to X. Then the rate of increase of x in each vessel 
is given by— 

(i) 

(*> 

( 3 ) 

( 4 ) 

On integration, assuming y,, y 2 , . . . y n to be constant, these equations 
lead to the following expressions for x : 


1 \ v 

; = (— - Xl )v 1 - kx '>'" 


ax 

dt 

~lt = {Xi ~v, ” kx * y » 

dx~ . v v 

“jjJ (' r 2 A a) 

- x \JL-kxv 

^ "" Wn-I A n) y ,(A n}rr 


X, -- -'°!r [i- exp (- «,/)], 


®l»v 
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■r, = y r i -- - - a f 3 — exp (- a,/) 

1 Fg ^ 3L {cl 2 ffi) 


, 0. 
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exp (— a 2 /) — 7--- exp (— a 3 /)l 

2 ' («, - « 2 )(«i — "3) J 


F, exp (— a 2 <) — . . . F„ exp (— a„/)J, 


( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 


v hv 1 r 

where the factor a n represents -and the coefficients F t , F 2 , F z> 

*' n 

. . . F n become increasingly complex as n increases. 

If no reaction takes place between the components X and Y there 
will still be a change of concentration when they are fed into the vessels 
containing Y due to the mixing elfect alone. Under these conditions the 
values of x' are found by putting h — o in cqn. (5) to (8) when 



The value of p in any vessel is given by a simple multiple of the 
difference between the concentration of X which would have been present 
if no reaction had occurred and the concentration present when reaction 
does occur, i.e., 

Pn - m{*n - x n ), 

m being a small integer, usually unity. 


(13) 
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Vessels of Equal Volume. —-When the volumes of all vessels are 
equal, eqn. (5) to (8) still hold if V is substituted for the various values 
of V n . 

Substitution of equal values of V in eqn. (0) to (12) for the case when 
k — o leads to indeterminate results. Here the original rate piocesses 
have to be rewritten — 


dx[ fx Q v x ,\ v 

~dt “ IT * l )v' 


dx' 


d t 
d 1 




- (4 




(14) 

(15) 

(16) 


d t 


= «-> 



Integration leads to the expression 


(17) 


r'-W i—/r—— — 7,8 /•- 
v L V V 2V •> 


(«— 1)! V< 


(18) 


Eqn. (rS) is equivalent to the expression for “bye-passing” (26) 
derived by Denbigh. 1 Denbigh uses the term “ bye-passing ” to describe 
what occurs in the vessels when k — o. The authors prefer to define 
“ bve-passing ” as the difference between the concentrations of product 
in theory and in fact due to deviations from ideal behaviour in the apparatus. 

The values of p for vessels of equal volumes are again determined by 
eqn. (13) using the values of x and x f given by eqn. (5) to (8) and (18) 
respectively. 

As y > x the value of y is approximately constant in all vessels at all 
times. Actually there is a slight decrease in y from y 0 at zero time to 
y 0 vjv at infinite time. The maximum error due to the assumption of a 
constant value for y will be illustrated in the experimental section below, 
where curves are constructed for each of the extreme values of y. As 
the equilibrium level in each vessel is ultimately of major interest it is 
better to use y Q v v /v for calculations involving the final state. For following 
the reaction in its initial stages, however, closer agreement is obtained 


by using y 0 or even an average value 



When the value of y is chosen as y m in all vessels the eqn. (5) to (8) 
lead to indeterminate results on substitution. The rate processes must 
again be rewritten— 


civ, 
d/ 
dx 2 
d t ' 
dx , 


XqV, 

V 

X x V 

V ~ 

x 2 y _ 

: ~y 


d t 

dx» __ X'n-lV 
dt ~ V 

Integration leads to the expression 

„ XqVsV "- 1 


• Xi(ky m -j- 

+ -p). 

(ky m -I- y, 

- x n {ky m + -j^). 


(19) 

(20) 
( 2 !) 
( 22 ) 


a" V n 


[i-Ji+a m <+|a** 2 + . . . a » , *"~ 1 ) ex P (-am*)]. (23) 


V J_ fa Jfy 

where-— — is represented by a m . 
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Thus for the pseudo-monomolecular reaction in vessels of equal volume 
the concentration of product in the «th vessel will be— 

pn = - (i + at + lan 1 + • • • J z) , exp (- a/) 

VaJ+la * J ' + • ' • (^ 1 i)T a " rl/ ''‘ 1 ) «P(“V)}]. ( 24 ) 

where vf V is represented by a. 

After a long time the equilibrium value for p n becomes 

iPn)t ► oo - ~-“[ I “ (-—y) ]• • • * ( 2 5) 

With a very large number of vessels p n would approach the value 
corresponding to complete reaction, i.e., disappearance of component X 
from the effluent liquid. Under these conditions : 

mx 0 v x 

(Pn)t-+ 00 = ---• .... ( 26 ) 

fl—►OO ^ 

The number of vessels necessary to achieve a specific degree of com¬ 
pleteness of reaction is readily calculable from (25) and (26). Thus, for 
99% completion. 




If the total reaction volume is limited by considerations of bench 
space, etc., it is important to know the efficiency with which the available 
space is being used in comparison to that of a tubular reactor of the same 
total volume. 

From (25), 

/jK a _mx 0 v a [ f v VI 

'nrrsF.) • 


Inverting 


and expanding the binomial 


/. , kQy m \” , -2) . . . (n - r - i) (kQy m y , 

l I + 'nT) = l + - ■ •-FT- {-Wj +■■■ 

the general term reduces to i ( ~~~ ) as n -*• oo, hence the series approaches 


exp ^ j, For a large number of vessels of total volume Q or a tubular 
reactor of the same volume the limiting concentration of product approaches 

. . (28) 

n — ► 00 V L. \ v / J 

nV - Q 

and the efficiency with which the available reaction space is being used 
is therefore 




(29) 



291 


J. D. JOHNSON AND L. J. EDWARDS 

Experimental 

Apparatus. —The final layout of the three-vessel laboratory reactor is illus¬ 
trated in Fig. i. The vessels were made from Pyrex glass with Quickfit B24 



joints and stirrer heads The total reaction space was 1665 ml., each vessel 
having a capacity of 555 ± .5 ml. A thermostat bath at 25° C was used to con¬ 
trol the temperature throughout all experiments. 

In arriving at this design of apparatus the following points were taken into 
consideration. 

1. Each vessel was fitted with an independent motor whose speed ( ca . 300 
rev./min.) was regulated by a rheostat. Earlier experiments using a single 
motor to stir the first vessel with belt drives to the other two were unsuccessful; 
irregular stirring due to the slipping or breaking of the belts at various times 
made it difficult to follow the course of reaction with any accuracy. 

2. It was important that the level of liquid in each vessel should remain con¬ 
stant throughout a run. This was effected partly by uniform stirring and 
partly by providing the vessels with long, narrow necks through which the 
stirrer shafts passed with the minimum of clearance. The liquid level in each 
vessel w r as arranged to fall approximately halfway up the narrow part of the 
neck so that the effect of any residual variation in stirrer speed on the volume 
of liquid present in the vessel was practically eliminated. 

3. The diffusion of liquid from one vessel to the previous one was prevented 
by means of a small mercury seal at the base of each vessel (except the last). 
The mercury pressure to be overcome was less than 1 mm. so that it w r as necessary 
to have a difference of about 1 cm. in the liquid levels of successive compartments. 
At the start of a run the vessels were filled with the component in excess and 
this solution was run slowly into the first vessel until the levels in all vessels 
had settled down to a steady state w r ith all stirrers in operation. Once this state 
had been achieved the introduction of a small volume of liquid into the first 
vessel was followed by the discharge of an equal volume of liquid from the last 
vessel within a few seconds. This arrangement was preferred to having the 
vessels in cascade as the latter device necessitated three thermostat baths and 
considerably more headroom. 

4. To obtain slow, steady delivery rates into the first vessel, fairly long capillary 
feeds were necessary. Some trouble was experienced in earlier trials owing to 
blockage of these capillaries by small particles of foreign matter. This was 
overcome by incorporating sintered-glass filters into the feed lines. The uni¬ 
formity of the flow rate was further enhanced by the constant-head device illus¬ 
trated and by jacketting each capillary with water circulated from the main 
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thermostat bath. With these precautions, a steady delivery rate could be 
maintained indefinitely. The total delivery in any given period of time was 
determined by the change of levels in the upper and lower graduated vessels 
attached to the constant-head device. The upper vessels were refilled and the 
lower ones emptied from time to time as occasion demanded. 

5. Each compartment of the reactor was fitted with an additional neck for 
sampling purposes. Samples withdrawn at any one time never exceeded 1 ml. 
per vessel and the total volume of samples taken during a run was usually of 
the order of 1 % of the total volume of reaction liquid involved in the run. 

Performance of the Apparatus when k ~ 0 .—The behaviour of the 
apparatus was tested in the absence of chemical reaction by filling all com¬ 
partments with water and running in water and an aqueous solution of KC 1 . 
The concentrations of KC 1 were determined in each of the three vessels at various 
times by titration of 1 ml. samples. The theoretical curves were calculated 
from eqn. (18) using the following data : 

X - KC 1 solution ; Y — water. 

*0 “ o’5 I v m 0*967 ml./min. 

v y 11*26 ml./min. ; v - 12*227 ml./min. 

v -- 555 ml- 

These curves and the experimental points are shown in Fig. 2. The agreement 



between experiment and theory shows that the apparatus is operating under 
conditions which closely approximate to the assumptions made in deriving the 
rate equations, hence “ bye-passing " is negligible. 

Preparation of Glycine. -The reaction between aqueous ammonia and 
chloro-acetic acid to form glycine, 

C 1 CT 1 2 COOII 4 - 2NH 3 =N H 2 CH jjCOOH -f NH 4 C 1 , 
is accompanied by the simultaneous consecutive reactions, 

ClCH 2 ('OOH-pNH 3 4-NH 2 CH 2 COOH —NH(CH 2 COOH) 2 -f NTt 4 Cl, 

and 

ClCII 2 COOH |-NH 3 -f NH(CH 2 COOII) 2 — N(CH 2 COOH) 3 4 NH 4 C 1 . 

The presence of a large excess of ammonia increases the chances of fruitful 
encounters with chloroacctic acid molecules and decreases the likelihood of the 
formation of the imidoacetie acids. In a quantitative study of the reaction, 2 
Robertson showed that using a molar ratio of 1/15 chloroacctic acid to ammonia 
the yield of glycine was 58 %, whereas a 95 % yield resulted if the ratio was 
increased to 1 /220. In the latter case the quantity of by-products formed was 
small. 


2 Robertson, J, Amer. Chem. Snc., 1927, 49, 2889. 
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This reaction, requiring a very large excess of one reactant to give a good 
yield of the desired product, is ideally suited to a continuous process. Before 
carrying out the main run, however, a small batchwise experiment was performed 
using the same reactants at the same working temperature in order to determine 
the value of k for the reaction. The reactants used were : 

X -= chloroacetic acid solution (104 g./l.). 

Y = ammonia solution (245 g./l.). 

For the batch ammonolysis, 17-26 ml. X and 200 ml. Y were mixed in a stoppered 
flask at 25 0 C and titrated at intervals to determine the Cl~ liberated (which is 
equivalent to the glycine formed). These quantities correspond to a molar 
ratio of 1/152, the same value as used in the subsequent run in the continuous 
flow reactor. A plot of 


1 p [ri ^°° 

g,0 oo[cii -“[ci-] t 

against t is shown in Fig. 3. The slope of the best curve through the experi¬ 
mental points is equal to ^y 0 / 2 ’3°3» or 


2-303 x 0-08518 x 217-26 
14-41 x 200 


0-0148 l.mol.” 1 hr.” 1 . 



Thus, for the continuous process, the 
progress of the reaction were : 

x 0 t -100 mol./l. 
v x -= 0-00505 l./hr. 
v 0-06355 l./hr. 

Q 1-665 l. 

k - 0-0148 l.mol.- 1 hr. -1 


ata required to calculate the theoretical 


y„ — 14-41 mol./l. 

V v = °'°5^5 1/hr. 

F 0-555' 1- 

m ~ 1 

Voi'y/v =- 13-27 mol./l. 


Using 13-27 and 14*41 as the extreme values of y m substitution in eqn. (24) 
gave the theoretical limits within which the glycine concentration (i.e. the [Cl~]) 
should lie at any time. 


From eqn. (25), taking y m = 13-27 

{Pi)t-+ao °'°55 21 (h3’2 % conversion), 
00 =~ 0-07556 (86-4 % conversion), 
{p3)t-+oo " 0-08304 (95-0 % conversion). 

And from (26) 

(Pn)t-+ 00 v= 0-08741 (roo-o % conversion). 
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To attain 99 % completion of reaction, from (27) 

2 

n — - 


log, 0 ( 


1 3 


0*0148 X_ 0*5 55 X 13 -27> 
0*06355 “ > 


“ 4*6, 


i.e. 5 vessels would be required. 

The efficiency with which the available reaction space is being used, calculated 
from (29), is shown in Table I. 

In Fig. 4 the heavy black lines indicate 
TABLE J.— Efficiency of Use of the limits of error due to the variation of y. 

Reaction Space It is clear that the error involved is small 

and may be neglected in comparison with 
the other experimental errors. The final 
equilibrium concentrations after about four 
days' reaction were: 

Vessel 1, 0*0555 ; Vessel 2, 0*0770 : 
Vessel 3, 0*0843. 

These values were in fairly good agreement 
with the values predicted from eqn. (25), 
and the progress of the reaction in its earlier 
stages is, on the whole, in reasonable agree¬ 
ment with theory. The major source of 
variation was due to the tendency for the 
ammonia solution to lose strength over 
long periods, w r hilst the disturbance to the 
system in the neighbourhood of 24 hr. was 
due to a change of shifts at that time. 
From Table I it may be seen that little gain 
in efficiency is effected by the use of more 
than three or four vessels on the laboratory scale. On a production scale, 
however, a larger number of vessels or a tubular reactor might be preferable. 


2 

3 

4 

5 
(> 

7 

8 

9 

TO 

00 

(tubular reactor) 


E (%) 


84*21 

92*70 

05*36 

96*90 

97*66 

98*13 

98*46 

98*69 

98*86 

99*oo 

100*00 



Fig. 4.—Progress ot the glycine reaction. 


To confirm that glycine had been formed simultaneously to a degree com¬ 
parable with that of the chloride ion, formol titrations were performed on samples 
from the second and third vessels after equilibrium had been reached. The 
concentrations found w y ere 

Vessel 2, 0*0739 : Vessel 3, 0*0792, 

which amount to 

(0*0739/0*07556)100 = 97*8 % 

(0*0792/0*08304)100 = 95*1 % 


and 
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theoretical respectively. It may be concluded that if another vessel had been 
placed in series with the three actually used, the yields of chloride ion and of 
glycine would have been about 99 % and 96 % respectively of the amounts 
theoretically possible after the lapse of an infinite time in a batch reaction. 
Alternatively, these better yields would have resulted in the existing apparatus 
if more concentrated ammonia had been used, since an increase in y m has the 
effect of raising the asymptotic concentration of resultants. This was not done 
in the experiment described owing to the difficulty in preventing variations in 
strength of the ammonia solution at very high concentrations. 

The glycine was isolated from the effluent from the last vessel by evaporating 
to dryness and extracting the ammonium chloride, with methanol. The residue 
gave only a faint chloride reaction and one crystallisation from water served 
to purify it. No attempt was made to recover the ammonia in the laboratory ; 
on a plant scale this would be done by means of a stripping column and absorber 
or some such standard method. 


Discussion 

In the glycine reaction described above, the time required to attain 
equilibrium in the last vessel was more than three days. The process 
was followed from start to finish in order to test the agreement between 
the experimental results and the derived rate equations. In practice, 
much time could be saved by allowing the reactants to come to equilibrium 
by filling the reaction vessel with the two reactants fed simultaneously 
in appropriate ratio and, after allowing sufficient time to elapse for equili¬ 
brium to be sensibly attained, restarting the feeds of the two materials. 
Using the same solutions of ammonia and chloroacetic acid it can be 
shown that the steady state would be attained some 15 hr. after the start 
of a run. With other reactions it may not be feasible to proceed in this 
manner because of some particular hazard ; a violent heat evolution, 
for example, would make it essential to fill the reactor with one of the 
reactants only. 

The continuous flow reactor can be used, if so desired, for much faster 
reactions than the ammonolysis of chloroacetic acid. The hydrolysis 
of ethyl acetate with 2*5N HC 1 , a process whose velocity constant is about 
ten times as great as the glycine reaction, was carried out with satisfactory 
results in the apparatus described. 

The applications of a multi-compartment reactor arc not limited to 
preparative work. The apparatus may be used to determine the velocity 
constant of any reaction taking place therein. This may be done by 
comparing the equilibrium concentrations of product in any two of the 
compartments. For example, from (25) it may be shown that if 

00 _ y 

GO 



For the glycine reaction, r = 0*077/0*0555 = 1*387, 
giving k — 0*0137 

in fair agreement with the figure obtained by the direct method. With 
such a slow reaction there is no point in determining k in this manner. 
When the reaction is very rapid, however, the continuous flow method 
offers a distinct advantage, especially when the number of vessels is fairly 
large. The extension of the reaction in space rather than in time enables 
its course to be plotted at leisure. 

The authors wish to record their thanks to the directors of Beech am 
Research Laboratories, Ltd., for permission to publish this work. 

Brockham Park , 

Betchworth, 

Surrey . 



A THEORETICAL STUDY OF 
SOME NON-BENZENOID HYDROCARBONS 

PART I 

By R. D. Brown 
Received gth December , 1948 

The results of calculations of electron densities, free valences, bond orders 
and bond lengths are presented for some noil-benzenoid aromatic hydrocarbons 
of symmetry' \\. The chemistry of these molecules is discussed briefly, and it 
is concluded that, although all but one are so far unknown, they would all be 
reasonably stable once formed. 


Introduction.— In recent years a growing interest, both experimental 
and theoretical, has been evinced in the so-called non-benzenoid hydro¬ 
carbons . 1 Theoretically these are of interest because it is for just these 
compounds that the valence-bond and molecular-orbital methods dis¬ 
agree. The molecular-orbital treatment is less reliable for these hydro¬ 
carbons than for the more common alternant hydrocarbons , 2 but the results 
of such a treatment are of particular interest to the organic chemist 
because it is only for these non-alternant hydrocarbons that the electron 
densities differ from unity. It is true that this is precisely where the 
inconsistency lies in the molecular-orbital treatment but it seems likely 
that the results will be qualitatively correct, and in any case the experi¬ 
mental testing of the results to be presented below will provide evidence 
of the validity or otherwise of this assumption. 

In view of the recent discussion of aromatic substitution by Waters 3 
it seems useful to compare the chemistry of the molecules as predicted 
on the one hand by the 7 r-electron density results and on the other by the 
polarization energy method as developed by Wheland . 4 5 The interrelation 
of polarization energy values with the 77-electron densities seems very 
probable although it has so far not been possible to give a rigorous proof 
of this. r> 

In this paper the 77-electron densities, bond orders, bond lengths and 
free valences of the hydrocarbons, pentalene, heptalene, fulvalene * and 
biphcnylene, all belonging to the symmetry group V h , are reported. In 
succeeding papers the polarization energies, resonance energies and spectra 
of these compounds will be discussed and the results of a similar treatment 
of other non-benzenoid hydrocarbons of lower symmetry will be presented. 

Method of Computation.—The details of the LCAO approximation 
are too well known to merit reproduction here/ As the inclusion of a 
finite overlap integrals makes no difference to the resultant 77-electron 
densities or related quantities, the calculations were carried through 
assuming S — o. 

1 Baker, J. Chcm. Soc., T945, 265; Horn, Nunn and Rapson, Nature, 1947, 
160, 829 ; Craig and Maccoll, ibid., 1948, 161, 481. 

2 Coulson and Longuct-Ifiggins, Proc. Roy. Soc. A, 1947, 192, 18. 

3 Waters, /. Chcm. Soc., 1948, 727. 

4 Wheland, J. Amev. Chcm Soc., 1942, 64, 900. 

5 Coulson, private communication. 

* The name fulvalene is suggested for the so-far unknown " aromatic *' 
hydrocarbon, related to fulvene, with the structure indicated in the diagrams. 

• Longuet-Higgins and Coulson, Trans. Faraday Soc., 1947, 43, 87. 

296 



R. D. BROWN 


297 


The bond lengths were found using the graph of bond order against 
bond length already published. 7 8 As hyperconjugation occurs in two of 
the molecules used as standards in preparing the graph (viz. ethane, 
ethylene) a second plot was drawn making allowance for this but the 
results by the two graphs did not differ significantly. As a rough in¬ 
dication of the magnitude of the change introduced by allowing for hyper- 
conjugation the values derived from both graphs have been included 
in one case. 

The free valences were computed following the method of Coulson 9 
assuming that N max . — 4-680. 

Results.—The 77-electron densities are shown in Fig. 1, the free 



Fin. t. —Electron densities. 


0-506 0-472 



valences in Fig. 2, the bond orders in Fig. 3, and the bond lengths in A 
in Fig. 4. It is tempting to predict the chemistry of these molecules from 

7 Brown, ibid., 1948, 44, 984. 

8 Mulliken, Rieke and Brown, J. Amer . Chem. Soc., 1941, 63, 54. 

9 Coulson and Longuet-IIiggins, Rev. Sri., 1947, 85, 929. 
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the results given. In the following the usual assumptions have been 
made : electrophilic attack and nucleophilic attack are assumed to occur 



Fig. 3. —Bond orders. 



(a) 





Fig. 4,—Bond lengths. 

(a) Ignoring hyperconjugation. 

(b) Allowing for hyperconjugation. 


at the positions of highest and of lowest ^-electron density respectively, 
and free radical attack at the point of highest free valence. These pre¬ 
dictions of course provide a means for experimentally determining the 
reliability of the MO treatment of non-alternant hydrocarbons. 

Pentalene.—The ir-clectron densities * of pentalene are seen to deviate 
considerably from unity, rather more, for example, than in azulene. 10 
There are only two possible positions of chemical attack and the present 
data suggest that electrophilic substitution will occur f at position 2, 
and nucleophilic attack at position 1. The free valences are quite high 

* The electron densities have already been published (Coulson and Rush- 
brooke, Proc. Camb. Phil. Soc., 1940, 36, 193) but have not been discussed in 
terms of the chemistry. 

10 Coulson and Longuet-Higgins, ref. 9 ; Brown, ref. 7. 

t The numbering system employed is given at the end of the paper. 





R. D. BROWN 


299 

compared with those of azulene or naphthalene,* but lower than those of 
fulvene and ethylene.® The results indicate that radical attack will take 
place at position 1. 

The bond orders and consequently also the bond lengths do not vary 
very much, especially as compared with those of azulene or naphthalene, 10 
and are reasonably close to the benzene value (1-667). I* 1 particular 

the bond common to the two rings has a higher bond order than the cor¬ 
responding bond in azulene or naphthalene. 10 This latter result is in 
complete contrast to the results of Craig and Maccoll 11 who obtained 
an order of less than unity for this bond. It is true that they used the 
valence-bond method in their work but it is generally found that the 
agreement between the two methods is excellent. 

The above results lead one to expect that pentalene, once formed, 
would be a reasonably stable substance, more stable than, say, fulvene 
although still quite reactive chemically. This, of course, docs not mean 
that the molecule would necessarily be formed easily because its chemical 
stability is not directly related to the activation energy of formation. 
The absence of bonds of order above 1-7 indicates that pentalene would 
tend to undergo substitution rather than addition in reactions such as 
bromination. 

Heptalene.—For heptalene the electron densities do not diverge 
from unity quite as much as in the case of pentalene. The results indicate 
that electrophilic substitution will occur at position 1 and nucleophilic 
attack at position 2. The free valences are smaller than for pentalene 
and the maximum value of 0-47 at position 1 is much the same as the 
maxima for phenanthrene and anthracene.® Thus it is to be expected 
that oxidation, reduction, etc., will occur with about the same ease as for 
anthracene and phenanthrene. 

The bond orders show a greater spread of values than those for pentalene 
but still not as much as azulene or naphthalene. It may be noted that 
the bond common to the two rings still has an order greater than that of 
azulene. 

In view of these results it may reasonably be expected that heptalene 
also would be quite stable when formed, perhaps more, stable than 
pentalene. However, the possibility of a non-planar configuration, not 
allowed for in the above computations, cannot be ruled out. Again the 
fact that all bond orders lie well below 1-7 suggests that substitution 
rather than addition will be the rule in reactions such as bromination. 

Fulvalene.—The ^-electron densities for this molecule show less 
variation than those of either of the above two molecules or of azulene. 
The figures point to electrophilic substitution at position 1 and nucleophilic 
attack at position 2. The largest free valence is 0-46 which is quite close 
to that of heptalene and consequently fulvalene may be expected to 
behave in much the same way as this molecule in reactions involving 
free radicals. 

The most striking thing about the bond orders is the degree of bond 
fixation in the five-membered rings. This indicates that fulvalene would 
be less aromatic in character than the other hydrocarbons and in par¬ 
ticular the 1: 2 bond would be prone to undergo addition reactions. Thus, 
for example, the sequence : butadiene (1*894), acenaphthylene (1-796), 
fulvene (1*778), phenanthrene (1*775), naphthalene (1*725), of the orders 
of the most reactive bond in each molecule, is also, as far as one can judge 
from the experimental data, that of increasing tendency to substitution. 
We see that fulvalene falls between butadiene and acenaphthylene. 

The results just discussed for fulvalene imply that it would be quite 
stable when prepared but would behave more like an unsaturated than 
an aromatic compound. Further, in contrast to fulvene, it would not 
be expected to polymerize. 


11 Craig and Maccoll. ref. 1. 
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Biphenylene.— As biphenylene is an alternant , 2 the electron densities 
all come out to unity and consequently it is not included in Fig. i. The 
maximum free-valence value for this molecule is nearly as low as that of 
benzene (0-35) suggesting that biphenylene would not be reactive towards 
free radicals. 

The bond orders have already been reported 13 but are reproduced 
here to complete the data for this molecule. The main point of interest 
is the low order of the 9:10 bond, even compared with the corresponding 
bond in biphenyl (1 -370). 

The chemistry of biphenylene will be considered more fully when 
the polarization energies are published. 


I should like to thank Dr. F. N. Lahey for his helpful criticism of the 
manuscript, and also Mr. 1. H. Belyea for preparing the diagrams. 
Appendix.—The numbering system employed : 


6 / 



Che mis try De partme nt, 

University of Melbourne, 
Victoria , 

Australia, 

13 Waser and Schomaker, /. 



8 t 



5 4 


Biphenylene . 


Amer. Chvm. Soc., 1943, 65, 1451. 


REVIEWS OF BOOKS. 

J Crystal Structures (First Section). By Ralph W r . G. Wyckoff. 

(Interscience Publishers Inc., New York & London, 1948.) Price 48s. 

This book is a compilation of crystal structures following the general 
arrangement of the second edition of the author’s “ Structure of Crystals.” 
Since this field is rapidly extending with a consequent appearance of new 
material each year, this publication, which is an experiment using loose-leaf 
binding and vari-typing, is most welcome. It aims to provide a satis¬ 
factory up-to-date survey capable of addition by the issue of supplementary 
pages and the replacements of existing pages. This method presents 
difficulties in pagination and the volume has no indexes. Instead, the 
book is divided into chapters, each of which is sub-divided into Text, 
Tables, Illustrations and Bibliography. These groups are paged separ¬ 
ately. The index problem is overcome by having a table of contents 
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based on chemical composition and each chapter is provided with one 
or more master tables listing the crystals considered in it. In practice, one 
can quickly locate the type of compound about which one requires informa¬ 
tion. The bibliography starts from 1934 > * or earlier references, the reader 
must consult that given in the author's previous two volumes. Illustra¬ 
tions of the packing of atoms in crystals are based on those in “ Structure 
of Crystals " and it is planned to have a figure for each well-established 
type of structure by the later issue of supplementary pages. The termin¬ 
ology conforms to that used in the International Tables. In order to 
emphasize relationships between structures and to preserve brevity of 
description, structures of low symmetry are not uniquely defined and there 
is a disregard of many conventionally accepted axial assignments. The 
space group symbols of Schoenflies are included for those accustomed to 
a designation independent of axial sequence. 

This section, the first of three, is concerned with inorganic structures 
and deals with the elements, and the compounds, RX, RX 2 , R^X*, R n MX,, 
R n MX a and RMX 4 — this will be completed in Section II by the inclusion 
of R n (MX 4 )„, R n (MX # ) r R n MX p , hydrates, silicates and miscellaneous 
structures. 

No critical survey of the results has been made and no indication of 
the accuracy of the spacing measurements is included. Particular atten¬ 
tion is given to interatomic distances and atomic and ionic sizes ; there 
seems to be a real danger here that such discussions may give the appearance 
of critical authority where none is intended. 

This book is costly, but will save many a weary hour searching the 
literature and it is felt that the complete publication will be well worth 
the money spent since we must anticipate that the supplementary and 
replacement pages will maintain the contents up-to-date at comparatively 
low costs. The experiment of producing books of this character should 
be encouraged since not only is the average reader disinclined to buy 
later editions for the sake of a few additions or emendations, but there is 
a greater probability that the author will adhere to his intention of revising 
the text at frequent intervals. 


British Chemical Nomenclature. By A. D. Mitchell. (Edward 
Arnold & Co., London, 1948.) Pp. viii + 156. Price 21s. 

This book is a most welcome addition to the small number which has 
been published in the United Kingdom on the subject of chemical nomen¬ 
clature and indexing; particularly is this so since in the U.S.A. this important 
aspect of chemical literature is given more detailed study and prominence 
and one might quote many examples where British usage differs from 
that adopted by the Americans. This book is really a record of the 
magnificent work which the Chemical Society has accomplished in for¬ 
mulating rules to cover a large variety of compounds, and as a tribute 
to the successive editors of the Journal and those many British chemists 
who have helped in advising them in this difficult and complex task. It 
is therefore fitting that this volume is dedicated to the late Dr. Clarence 
Smith who did so much to foster the high standard of the publications 
of the Chemical Society. 
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The author, as assistant editor for some twenty years, has contributed 
to this in no small measure, and one can think of nobody better fitted to 
expound and clarify this complex subject of nomenclature. It may be 
suggested that the volume appears rather prematurely because the deci¬ 
sions of one or two international conferences have still to be confirmed 
or announced. One can imagine, however, that this statement could be 
made at any time during the next five to ten years with the same force. 
Nevertheless, it is particularly unfortunate that the author should give on 
p. 6 the conventions for symbols adopted by the Chemical Society, the 
Physical Society and the Faraday Society in 1937, since various changes 
proposed by the Royal and allied Societies have been largely accepted at 
an international level. It is suggested that this paragraph should be 
corrected and enlarged in future editions. 

This book should be in the possession of all libraries; it will be a 
particularly useful guide to authors in preparing their contributions 
to British Journals. Perhaps one can hope that at some future time 
interested Societies might subsidize its publication so that it could be 
purchased at a lower price by penurious research workers ! 


Preparations and Characteristics of Solid Luminescent Materials. 

Bv F. Seitz and G. Fonda. (John Wiley and Sons, Inc., New York, 
and Chapman & Hall, Ltd., London, 1948.) Pp. xvi -f 459. Price 30s. 

Members of the Faraday Society will be particularly interested in this 
book. It comprises the twenty-nine papers read at a three-days' sympo¬ 
sium sponsored by The Division of Electron Optics of The American 
Physical Society, held in October 1936 at Cornell University. As can be 
anticipated, under the joint editorship of Dr. F. Seitz and Dr. G. Fonda 
the volume preserves a well-balanced presentation between the viewpoints 
of the theoretical physicist and the experimentalist. 

The first eight papers are introductory in design and provide a broad 
and rapid survey of the field for the general reader. They have the char¬ 
acter of reviews on recent developments and include such topics as the 
theoretical treatment of the storage of luminescent energy, the conception 
of trapping states, the general characteristics and methods of preparation 
of luminescent substances, including infra-sensitive phosphors, and the 
constitution and structure of such substances. 

The remaining papers contain original work, both experimental and 
theoretical, and are representative of current research. These are grouped 
in three main divisions, factors affecting fluorescents, the storage of lumin¬ 
escent energy and a miscellaneous group including such aspects as the 
photochemical effect of short ultra-violet radiation on phosphors, multiple 
bands in fluorescent spectra and the print-out effect in silver halide crystals. 
Short discussions follow each paper and the concluding session, under the 
chairmanship of Prof. H. A. Bethe, took the form of a general and informal 
discussion of current problems grouped under various headings. 

Ji is interesting to note that, bearing in mind the Discussions of the 
Faraday Society, all contributors with the exception of one, were American. 
The only representative of the English group of workers in this field was 
Garlick of Birmingham; no-one of the large and active Dutch schools 
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was represented. This would appear to be a pity since those familiar 
with this wide field will recognize that in their absence the symposium 
cannot be regarded as complete. Perhaps this is evidenced in the general 
similarity of thought and treatment, and the possible lack of stimulus 
in the discussion. On the other hand, one must recognize the loss which 
the English and Continental workers have suffered in not having had the 
opportunity of personally attending this conference. If the reason is that 
the English scientists can afford neither time nor money for such meetings, 
then some responsible organization should help to alleviate such hardship. 
If, however, the scientists in the States feel that English and Continental 
workers have little to contribute, then, as the Faraday Society attempts 
to do by its Discussions, we must make every effort to encourage our 
American friends to come to England, and hope that we may disillusion 
them ! 

However, we give this book our heartiest recommendation ; it is a 
valuable record which will be appreciated not only by specialists but by 
the general reader, and it is exceedingly good value at the price. 


Electrons, Atoms, Metals and Alloys. By W. Hume-Rothery. (The 
Louis Gassier Co. Ltd., 1948). Pp. vii. 4- 37T. Price 30s. 

An enthusiastic and patient young scientist who had graduated in 
Honours Physics or Physical Chemistry some time between 1930 and 1939, 
chanced upon an older and much depressed metallurgist who had taken 
his degree in Metallurgy or Chemistry before the advent of the quantum 
theory. They had both attended a four-day conference on the Theory of 
Alloy Structures arranged by the new Institute of Physical Metallurgy 
The metallurgist, already worried by his production problems, gave 
up the struggle after two days had been spent on the simpler problem of 
the ideal crystal in which strange symbols, equations involving e 2ni , 
and Brillouin zones appeared ; the young scientist, however, thought that 
the mathematical physicists had “ come clean The book is presented 
in the form of a dialogue between these two people. The young scientist 
recognizes that the older metallurgist is both too busy and too deeply 
entrenched in the old groove ever to delve deeply into the new work, but 
insists that it should be possible for him to grasp the general ideas of the 
newer outlook. In this way the author, by means of tutorial discussion, 
seeks to provide an introduction to those who found his Atomic Theory 
for Students of Metallurgy somewhat heavy going. Part I begins with 
an account of the early theory of the hydrogen atom, develops the idea of 
electron waves and builds up the wave-mechanical picture of the hydrogen 
atom and the general theory of the heavier elements. In Part II, the free 
electron theory is introduced and the concept of Brillouin zones is discussed; 
the crystal structures of elements and the nature of the binding forces are 
dealt with and the problem of ferromagnetism and plastic deformation 
introduced. Part III is concerned with the nature of alloys and deals 
with such topics as electron compounds, supcrlattice structures and 
interstitial compounds. Part IV is short (about forty pages) and lightly 
touches upon the structure of the nucleus ; it includes a discussion on 
disintegrations, fundamental particles and the fission of the nucleus. 
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The book was written for those engaged in metallurgical industry and 
not primarily for the University student. However, despite this, the latter 
is recommended to study it. It has little that the senior student will 
find contrary to the treatment in more advanced text-books and he may 
get a better insight into the real meaning of the fundamental ideas than he 
might have obtained from a mass of mathematical symbolism. To the less 
able it will provide a readable, entertaining and stimulating exposition ; 
to the lecturer it will help to provide new ways of presenting his subject. 

The book is printed on excellent paper, but it is a pity that there has 
been departure from orthodoxy in the use of symbols; that chemical 
elements are sometimes printed in italics and sometimes (correctly) in 
roman, and that there are quite a few typographical errors. There is an 
emharassing array of diagrams, many of which are instructive and novel. 
Unfortunately, such a large number, however, has meant that some of 
them are printed two pages away from the relevant text. The book, 
being of the more “ popular ’* type, should, it is felt, be priced more 
moderately. 


Literature Search on Dry Cell Technology. By Marjory Bolen and 
B. H. Weil. (State Engineering Experimental Station, Georgia 
Institute of Technology, Atlanta, Georgia, 1948.) Pp. 700. 

This book is the result of a systematic search of all the literature on 
dry batteries and material of their construction, sponsored by the Battery 
Branch Signal Corporation, Engineering Laboratories of Fort Monmouth, 
New Jersey, and carried out by the State Engineering Experimental 
Station, Georgia Institute of Technology, Atlanta, Georgia. The search 
covers a period starting about the i89o’s to the present day. Both 
literature and patents have been abstracted, some 278 pages being devoted 
to abstracts of literature, and 330 pages to patents of all Nations. The 
book is completed by a very full Index occupying some 60 pages, and in all 
3,654 abstracts are given. 

This book contains the most exhaustive survey of dry cell literature 
ever made, and is undoubtedly of considerable value to those working on 
this subject. It has been reproduced by photographing typescript, but 
is sufficiently clear to read without difficulty. The abstracting has been 
well carried out, sufficient information being given for the reader to as¬ 
certain the subject matter of the article or patent concerned. The full 
particulars and dates of all articles and patents are incorporated. 

E.A.O. 
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INDUCED REACTIONS OF HALOGENS IN AQUEOUS 

SOLUTION 

PART I. REACTIONS IN THE SYSTEM IODINE-THIOSULPHATE- 

NITRITE 


By R. O. Griffith and R. Irving 
Received 2 8 th May, 1948 


The reactions occurring in aqueous solutions containing I 2 , Na t SjO, and 
NaNO a buffered to pH’s in the neighbourhood of 6 have been studied by analy¬ 
tical methods. It is found that the thiosulphate is oxidized to both tetra- 
thionate and sulphate, but that no significant amounts of nitrite are consumed. 
A mechanism is suggested io* the nitrite-catalyzed reaction between S # O a — 
and 1 2 which leads to the formation of sulphate. 


Berthoud and Berger 1 noted that it was not possible to obtain the 
theoretical end-point in the titration of iodine with sodium thiosulphate 
in the presence of a nitrite and they subjected the matter to further study. 
They found, carrying out the titrations in acetate buffers by running the 
thiosulphate into solutions of iodine containing potassium nitrite, that 
the ratio of thiosulphate consumed to the amount theoretically required 
for formation of Na^O* was less than unity and tended towards a limiting 
value of 0-5 at high concentrations of nitrite and low concentrations of 
thiosulphate. They further stated that none of the thiosulphate was 
converted into sulphate, but this statement has been contradicted by 
Kurtenacker and Spielhaczek, * who found considerable sulphate in all 
solutions of iodine together with nitrite which they had decolorized with 
thiosulphate. In our work we have carried out measurements essentially 
similar to those of Berthoud and Berger, but with wider variation of 
experimental conditions, and have obtained results not in agreement with 
the conclusions of those investigators. 

Experimental 

The reactions occurring in systems containing I 2 , NaNOj and Na t S f O, are 
extremely fast and cannot be followed kinetically. The method we have adopted 
therefore is to determine the stoichiometry of the net reaction under a variety 
of conditions, in the hope that the results would give some indication of the 
kinetics of the processes occurring. It is to be noted that, apart from the re¬ 
action between thiosulphate and iodine and the induced reaction involving the 
three reactants, there is the possibility in these systems of reaction between 
nitrite and iodine * and of reaction between nitrite and thiosulphate.* Neither 
of these reactions need be taken into account, however, as each is much too slow 
to exert any significant effect under the conditions of this work. The results 
we have obtained may conveniently be presented under two heads : (a) deter¬ 
mination of the ratio 

^ _ molecules 1 8 consumed 
~~ molecules NajSjO, consumed ’ 

(b) quantitative determination of the end-products of the reaction. 

1 Berthoud and Berger, J. Chim. physique, 1928, 25, 562. 

* Kurtenacker and Spielhaczek, Z. anorg. Ghent., 1934, 3, 7 » 3*x> 

* Durrant, Griffith and McKeown, Trans. Faraday Soc., 1936, 32, 999. 
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All reaction mixtures were buffered to avoid complications due to free nitrous 
acid ; pH’s between about 6 and 7*2 were used, most of the experiments being 
carried out in phosphate buffers, though a few determinations of R and most 
of the quantitative analyses of the end-products were effected using acetate 
buffers. 

(I) Determinations of R. Values of R were obtained by adding known 
amounts of thiosulphate solution to buffered solutions containing iodine and 
nitrite, the amounts of thiosulphate being insufficient to decolorize all the iodine. 
The remaining iodine was then determined by addition of sodium arsenite and 
back-titration with iodine. Preliminary experiments showed that the values 
of R obtained in this way depend on (i) the rate at which the thiosulphate solu¬ 
tion is run in, and (ii) the method of stirring during the addition, but are in¬ 
dependent of (iii) the volume of thiosulphate run in under our experimental 
conditions and (iv) the time the reaction mixture is allowed to stand before 
addition of sodium arsenite. The last of these results implies that the reactions 
occurring in the system are fast and further that any reactions consuming I- 
in the systems which result, i.e. 1 2 —NO a ~—S 4 0 e — (or other sulphur compound 
formed from the S 2 0 8 —) are negligibly slow. As regards effects (i) and (ii) 
neither is of large magnitude. For example, the effect on R of the rate of 
addition of NajS^Oj was tested by comparing the R values obtained (a) by 
running in the thiosulphate solution from a fast-flowing pipette (time required 
3-4 sec.) with those (b) obtained by running in the thiosulphate drop by drop 
(time of addition about 70 sec.). Using the same method of stirring throughout, 
examples of the results obtained are : 

[ 1 \H 2 P 0 4 ] — 0*0375 ; [Na 2 HFOJ — 0*01875 ; [NaNOJ = 0*075 ; 

0*0006 ; [KI] = o*oi. Units are g. mol./l. 


[Thiosulphate] 

(g. mol./l.) 


R 


3 X IO“» 

10- 3 

2 X I 0 ~ 4 

5X Jo* 6 

Method (a) . 

i'J 7 

i *68 

3-03 

3*88 

Method (b) . 

1*19 

1*60 

2-86 

3*57 


These and other results show that the rate of addition of the thiosulphate has 
an influence on the value of R, that the effect is not pronounced, that with very 
low concentrations of thiosulphate the R values obtained by running in the 
thiosulphate “ in bulk ” are greater than those using drop-by-drop addition, 
while with higher concentrations (3 x io~ 3 g. mol./l. and over) there is a tendency 
for the reverse statement to hold true. Similarly, the method of agitation of 
the solution during the addition of thiosulphate is found to exert a definite 
though not a very large effect. Thus in corresponding experiments, adding 
the thiosulphate drop-by-drop, values of R obtained were : 


Method of Agitation 

R 

Solutions hand-shaken 

3’ 2 7 



2*07 

Solutions motor-stirred 

3‘49 



2*29 


The standard procedure adopted to determine R was as follows. Into a 
300 ml. Erlenmeyer flask were introduced 5 ml. buffer solution, 5 ml. NaN 0 2 
solution, 20 ml. I 2 —Kl solution together with the volume of water necessary 
to make the average volume 40 ml., the average volume being defined as that 
of the reaction mixture when one-half of the pre-determined volume of thio¬ 
sulphate solution had been added. The latter was run in drop by drop at 
approximately the same rate in each experiment (2 drops/sec.) and during the 
addition the reaction mixture was kept agitated by uniform hand-shaking. 
Blank experiments were also carried out in which water (instead of thiosulphate 
solution) was run into the buffered mixture of iodine and nitrite to find the cor¬ 
rections for any loss of iodine by vaporization or reaction with nitrite. A repeat 
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of each experiment was carried out; the results show reproducibility of R values 
to within 1-2 %. It is further to be noted that the results obtained by any other 
standard procedure would present the same general picture as those to be given, 
though the individual R values in the two sets would in general differ to some 
extent. 

All the experiments were carried out at room temperature (i6°-2o° C), no 
special precautions being needed to work within narrower limits as it was found 
that the R values are relatively insensitive to temperature. In general, lowering 
the temperature from 18 0 to o° C diminishes R by about 10 %. 



Series 

[KHjtPO*] 

[Na,HP 0 4 ] 

[£I*] 

[*n-j 

[SjOg ] added 

A 

0*0375 

0*0187 

o’ooooi 

0*01 

0*001 

B 

0*0375 

0*0187 

0*00061 ! 

0*0025 

0*001 

C 

0*0375 

0*0187 

0*00061 1 

0*05 

0*001 

D 

0*0375 

0*0187 

0*00061 


0*001 

E 

0*0375 

0*0187 

0*0025 

0*01 

0*001 


[HAc] 

[NaAc] 




F 

o* i 2 5 

0*00625 

0*0002 «> 

! 

0*01 

0*00019 


Concentrations in g. mol. or g. ion per litre. 


Fig. I *3 gi ve atl indication of the type of results obtained. It is found that: 

(1) R values range between 0*5 and 4*0, the limiting value of 4*0 being 
approached using moderate concentrations of NO, and running in a verv dilute 
(M/20,000) solution of thiosulphate. 

(2) Increase in concentration of NO^ in general increases R , but in the 
presence of low concentrations of 1 “ a maximum value of R is soon reached, 
beyond which further increase in [NO^] has practically no effect. 

(3) Increase in concentration of iodine increases R. 

(4) Increase in [I“] diminishes R, except at very low concentrations of 1 “ 
where no effect is found. 

(5) Neither change in pH nor change of buffer constituents affects R within 
the limits of [H+] of io~ e to 5 X io- g g. ion/ 1 . 
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(II) End-products of the Reaction. Qualitatively it was found, in 
disagreement with Berthoud and Berger, 1 that sulphate is always formed in 
the reaction between thiosulphate and iodine when nitrite is present, and that 
the sulphate formation is accompanied by an increase in acidity of the reaction 
mixture. Quantitative determinations were made of the tetrathionate and 
sulphate formed and acid liberated, together with iodine and thiosulphate con¬ 
sumed. It was unfortunately not feasible to trace the fate of the nitrite, but 
the quantitative data obtained prove that no appreciable amounts of nitrite 
can be consumed during the reaction. The method used to determine the other 
resultants was to run in thiosulphate into the buffered solution containing I 8 



Concentrations in g. mol. or g. ion per litre. 


and NO, until the colour of the iodine just disappeared. Aliquot portions of 
the resulting solution were then analyzed : (i) for sulphate by precipitation as 
BaSO* and weighing, (ii) for tetrathionate by addition of excess sulphite forming 
thiosulphate, which was titrated with iodine after addition of formaldehyde 
to bind the excess sulphite, and (iii) for increase in acidity by titration with stand¬ 
ard NaOH, using phenolphthalein. 

In order to avoid the possibility of decomposition of tetrathionate (with 
formation of sulphate) in hot solutions, sulphate was determined by precipita¬ 
tion of BaSO 4 in the cold. 3 % BaCl a solution was run very slowly with efficient 
stirring into the solution to be analyzed. After two hours' standing the pre¬ 
cipitate was filtered, ignited and weighed. Blank experiments were carried 
out with known amounts of K 2 S 0 4 together with tetrathionate, KI, NaNO f 
and buffer constituents, each in concentration of the same order as those in the 
actual experiments. With weights of BaS 0 4 precipitate of from 0-04 to 0*09 g., 
the blank experiments agreed with the theoretical to within about 1-5 %. For 
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the estimation of tetrathionate also, appropriate blank experiments were made 
to find the conditions under which, by Kurtenacker’s method, tetrathionate 
could be determined when present in low concentration (about 0-002 M) in 
presence of nitrite. The chief matter requiring attention is, as mentioned by 
Kurtenacker and Spielhaczek, the pH of the solution when the final titration 
of I s is effected. This pH had not to be less than about 5*4, and the blank ex¬ 
periments gave the amount of acetic acid that could safely be added to the 
solution before the final titration in order to obtain satisfactory results. It is 
considered that the estimations of tetrathionate should be accurate to within 
about 2 %. 



Fig. 3. 


Series [KH*P0 4 J | [Na 2 HP0 4 ] tri*] j [NO5-] 

A °*°375 j 0*0187 o-oooOi °‘°45 

B 0*0375 0*0187 0*00061 0*075 

C 0*0375 0*0187 0*00061 0*15 

D 0*0375 0*0187 0-00061 0*75 

Concentrations in g. mol. or g. ion per litre. 

In these determinations, the concentration of iodine in g. mol./l. [2TJ in 
the original solution was varied from 0*003 to 0*03, [I-] from o*oi to 0*12, 
[NOj] from 0*03 to 0*72 g. ion/l. The buffer ratio [NaAc]/[HAc] — 20/1 was 
used, though the concentrations of the buffer constituents were varied. A 
few experiments were also done with phosphate buffers in the ratio 
[Na 8 HP0 4 ]/[KH 8 P0 4 ] — 1/2. The concentration of added thiosulphate was 
varied between 0*0004 and o*i g. mol./l. Some of the results obtained in this 
way are given in Table I. (AS 4 Oj~, AH+, AS0 4 “ = moles tetrathionate, 
moles acid, moles sulphate formed.) 

The results as seen in Table I on page 310 and other results show that under 
all conditions : 

(a) the ratio of moles H-* formed to moles sulphate formed — 5*0 ; 

{b) moles thiosulphate consumed — 2 (moles tetrathionate formed) -j- i 
(moles sulphate formed), i.e. no sulphur compounds other than tetra¬ 
thionate and sulphate are produced ; 

( c) moles I 2 consumed = moles tetrathionate formed -f 2 (moles sulphate 
formed). 



o*ooi 

O'OOf 

0*001 

0*001 
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TABLE 1 

Temp. -- 18 0 C ; [NaAc]/[HAc] = 20/1 


Concentrations in Initial Solution 
g. mol. or g. 1011 per 1. 

Cone, of 
Added 
NaaSaOa 
g . mol./l 

| X JO 3 

Moles 

s 2 0 r- 

Consumed 

X to 4 

Moles 

I* 

Consumed 
x 10 4 

> 

s 

ion X io 4 



: [•£!-) 

| Ino;j 


JH + 

/JSO-- 

0-02035 

n “ 

1 0*1007 

0*08000 

24*22 

27*29 

19*10 

12*97 

15*44 

3*104 

0*03 1 5 8 

0*1203 

0*003 1 7 

25*58 

40+5 

| 30*00 

i8 ’74 

28*15 

3*602 

0*002045 

0*04054 

0*03243 

5*070 

4*177 

3*624 

i*88i 

4*34 

o*881 

0*002134 

0*04348 

0*03478 

5*175 

8*035 

7*123 

3*527 

8*505 

1*724 

0*01491 

0*0375 

0*1000 | 

2*650 

7*682 

11*93 

2*899 

20*36 

4*158 

0*01878 

0*0250 

0*7200 1 

0*4124 

3-894 

9*390 


21*32 

4*383 


It follows from these that the total reaction is compounded of two net processes. 


which occur in varying proportions dependent on the conditions, viz. : 

28,05+1, -> s 4 or + 21-.(1) 

and S,Oj“ f- 4l a + 5H,0 + 2 SOj~ + I~ -f ioH + + ^NOj. . (2) 

The nitrite is thus not permanently consumed, and so acts solely as a catalyst. 

For consumption of the nitrite to occur, it would he necessary to add to re¬ 

actions (1) and (2), one or more of the following net processes : 

1 2 -| NO5 + H 2 0 -> NOj + 2H+ + 2l-, . . . ( 3 ) 

iNO; + 2l- + 2H 2 0 > 2N0 + 4OH- + I 2 , . . (4) 

2S 2 Q- + 2NOT + 2 H ,0 -v S 4 0 „ + 2NO + 4OH- . (3) 


If any or all of these take place to a significant extent, however, the experi¬ 
mental results (a), ( b) and ( c ) could not simultaneously hold true ; it must, 
therefore, be inferred that (1) and (2) are the sole net processes which have to he 
considered. On this basis, it follows that if in any experiment, x is the fraction 
of the thiosulphate converted into tetrathionate, and R is the ratio of 
(moles I 2 consumed)/(moles Na 2 S 2 O a consumed), 
then x — (8 — 2R)jj, so that fraction of thiosulphate forming sulphate 

_ ^ 2R _ I 

1 * 7 7' 

A plot of R against (1 — x) should thus be a straight line with a slope of 2/7 = 0*280 
The results plotted in Fig. 4 show satisfactory agreement, the slope of the straight 
line plotted being 0*273. 



Fig. 4. 
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Discussion 

The results given above show that in the presence of nitrite the re¬ 
action between iodine and thiosulphate leads not only to tetrathionate 
formation, but also to the production of sulphate, that with sufficiently 
dilute thiosulphate the fraction oxidized to sulphate approaches unity, 
and that no significant amount of nitrite is consumed in the change. 
The mechanism suggested by Berthoud and Berger 1 for the reactions in 
these systems need not be discussed, as it was based on an erroneous limit 
for R, and further it takes no account of sulphate formation. We pro¬ 
pose the following mechanism, which will account qualitatively for most 
of our results and which is based on the hypothesis that the first product 
of the reaction between thiosulphate and iodine is, as suggested by 
Raschig, 4 the ion S a 0 3 I~. 

(**) I» + S 2 0; -* s,o,i- -f i-, 

(ife) Ig 4- SgOj -> S|O a I~ 4 - 2I - , 

(2) s a o 3 i~ + S a O; -> s 4 o; + I-, 

(3) S a 0 3 I - + NO," ^ S 3 0 3 N 0 ; + I-, 

(4) s a o a NO- + s.o; -> s 4 o; + no- 

(5) S, 0 3 N 0 ; + I, + jH a O -> 2SO; + 2I- + 6H+ + NO,-, 

( 6 ) so; + 1,-4- H a o -> so; + 2H+ 4- 21- 

AU these reaction steps are regarded as fast reactions, but, to interpret 
our results, it is necessary to make the following assumptions in respect 
of relative rates : (i) that in presence of moderate concentrations of nitrite, 
tetrathionate formation via (3) and (4) is faster than via (2), and (ii) except 
at fairly high concentrations of iodide the equilibrium (3) lies well over 
to the right-hand side. Reactions (la), (16) and (2) are postulated as 

those taking place also when I 2 reacts with S a O; in absence of NO;, 

except that under these conditions it may also be necessary to take into 
account the reversals of (ia) and (16) ; the reasons for the choice of this 
mechanism for the I, — S 2 0 ;~ reaction will be given in a subsequent 
paper. 

It is not possible to deal quantitatively with the reaction kinetics on 
the basis of this or of any other mechanism, since the part-reactions are 
so rapid that they are practically completed during the time of addition 
of the thiosulphate, so that the system is not a homogeneous one, but 
qualitatively this mechanism accounts for the experimental findings. 
The effect of concentration of added thiosulphate is seen to be in the sense 
that increasing dilution of thiosulphate will diminish tetrathionate forma¬ 
tion (i.e. increase sulphate formation), since reactions (2) and (4) which 
produce tetrathionate will—due to the lowered concentration of S, 0 ;— 
be more retarded than reaction (5) which leads to sulphate formation. 
The effect of increasing [rij is found experimentally to result in an in¬ 
crease of R, i.e. increased sulphate formation. This is due partly to an 
increased rate of reaction (5), and partly to the fact that the increase in 
the rates of (ia) and (16) will cause a reduced concentration of S a O; 
available for the tetrathionate-forming reactions (2) and (4). The effects 
of [I*"] and [NO;] are to some extent bound together. We may consider 
them as follows. At low [I~j, the reversal of process (3) may be neglected. 
At low [I“] and very low [NO;] much S 4 Oj is formed by reaction (2), 
but 011 increasing [NO;] the rate of reaction (3) increases and the con¬ 
centration of S a O,NO; increases at the expense of that of S, 0 8 I~\ If 
now a fair proportion of the resulting S a O a NO; reacts by (5) this will 
cause a sharp rise in R with increasing [NO;] as found experimentally. 
At higher concentrations of NO;, however, a state will be reached when 
all the S,O a I- formed in (1 a) and (1 b) reacts by (3) to form S,O a NO; and 
reaction (2) does not occur. Under these conditions a certain fraction 
of the S 2 O s NO; reacts by (5), the remainder by (4) yielding a value of R 


4 Raschig, Ber., 1915, 48, 2088. 
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which depends on the concentrations of I,, I~ and thiosulphate. Increase 
of [NO;] beyond this limiting value should not affect R. This is ap¬ 
proximately what is found experimentally, though there is a slight tendency 
for the R values to fall at higher values of [NO;] than the limiting. The 
effect of [I~] on R at moderate and high values of [I~] ([I“] > 0-02 g. ion/ 1 .) 
is ascribed to the reduction by tri-iodide formation of the concentration 
of free iodine with consequent reduction in the rate of reaction (5), which 
leads to sulphate formation. The effect of increase of [NO;] at these 
concentrations of iodide will, in general, be similar to that at low [I~], 
except that we must now consider (3) to be an equilibrium and take 
account of the reversal. This will have the effect that the attainment 
of the concentration of NO; at which the limiting value of R is reached 
is delayed, i.e. the mechanism will qualitatively predict the type of 
R — [NO;] curve found, namely, an initial more or less steep rise followed 
by a slow rise at higher concentrations of [NO;]. There is, however, 
one experimental result which this mechanism does not account for, viz., 
the absence of any effect of [I~] on R at low values of [I“] ([I~] > o*oa) 
and not too low values of [NO;]. The theory predicts that under all 
conditions R should decrease with increasing [I~] and we can suggest no 
satisfactory explanation of this anomaly. 

In this system we have thus an example of selective direction of the 
course of reaction by catalysis, somewhat similar to the catalytic effect of 
molybdic acid on the reaction between thiosulphate and hydrogen per¬ 
oxide, studied by Abel. 6 In that process, just as in the processes dealt 
with in this paper, the uncatalysed reaction leads to tetrathionate, the 
catalyzed process to sulphate. The mechanisms of the catalyses in the 
two cases would, however, appear to be very different. 

Muspratt Laboratory of Physical and Electro-Chemistry , 

Department of Inorganic and Physical Chemistry, 

University of Liverpool . 

6 Abel, Z. Elektvochem., 1912, 18, 703. 
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Using the molecular-orbital method we have evaluated the energy of the 
ten ir and eight it electrons in hydroquinones and quinones respectively. This 
has enabled us to express the resonance or delocalization energy of the electrons 
as a function of parameters, corresponding to the electronegativity of the oxygen 
atoms and the bond energy in the C — O bonds. Although exact values of these 
parameters are not known, the important theorem emerges, that in a series of 
related quinones the contribution to the total resonance energy arising from these 
parameters is a constant. These calculations have enabled us to discuss the 
oxidation-reduction potential of quinones without making the early untenable 
assumption of a complete localization of electrons in the C =0 bonds. A small 
difference which now appears between the calculated and observed oxidation- 
reduction potentials of o- and ^-quinones we attribute to a hydrogen-bond 
stabilization of the reduced form of the o-compounds. 
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I. Introduction 

It has been shown by Evans 1 and Diatkina and Syrkin * that the 
important term in determining the free-energy changes in a series of re¬ 
actions of the type, 

Q -j- H a -> QH 2 , 

(in which Q represents a quinone) is the difference in resonance energy 
— Rq) between the hydroquinone and the quinone. In both these 
previous publications the resonance energy of the hydroquinone was set 
equal to that of the corresponding hydrocarbon. The resonance energy 
of the quinone was evaluated in two ways. 

(a) The localized-bond approximation. 1 - 8 —Here it was assumed 
that the p x electrons of the oxygen and the adjacent carbon were localized 
in the C —O bond and support for this assumption was adduced from the 
reduced diamagnetic anisotropy of />-benzoquinone as compared with 
that of hydroquinone and benzene. Moreover, the greater binding 
energy in C=0 seemed to give some theoretical support to this idea. 
By making use of this assumption, 7 ? Q was approximated in a way which 
will be clear from the following examples— 



Rq x i/p — o, 0*47, 1, 4*00. 

(butadiene) (styrene) (2 benzene-rings) 

Combining this approximation for i? Q with that referred to above 
for jRqh,, a linear relationship was obtained between the oxidation 
potential E 0 and (Rqu t — Rq)- In fact, two parallel straight lines were 
obtained in this way ; there was a large discrepancy between the values 
calculated for the 0- and />-quinones. As this discrepancy could, however, 
be removed by choosing the benzoquinones as standards in the two series, 1 
it was concluded that it was due to the extreme assumption of complete 
localization in the C=0 bonds which lead to a constant difference between 
the 0 - and ^-compounds. Comparison with experimental heats of re¬ 
duction 8 confirmed what was to be expected on theoretical grounds, 
namely, that this approximation under-estimates Rq. 

(b) Quinodimethane approximation . 8 —Here Rq is put equal to 
the resonance-energy of the corresponding (hypothetical) quinodimethane ; 

e.g. i?,.ben*oquinone is put equal to the resonance energy of —CH a , 

calculated directly by the molecular-orbital method. 

Spectroscopic evidence for the similarity of n electronic states in con¬ 
jugated ketones and the corresponding unsaturated hydrocarbons has 
been given by McMurry ; 3 the structure of the region of strong long- 
wavelength absorption for the corresponding molecules is so similar 
that the transition process is very probably the same in each case (N -> V\ 
transitions in Mulliken's terminology). McMurry points out that an 
additional weak absorption, which appears only in the spectra of C =0 
compounds (both saturated and unsaturated), involves excitation of an 
essentially non-bonding electron, localized largely on the oxygen atom. 

As Syrkin and Diatkina themselves remark, this method must appreci¬ 
ably over-estimate Rq, as in quinodimethanes the delocalization of it 
electrons will be more complete than in the corresponding quinones. 
Indeed, comparison with experimental heats of reduction confirms this.* 

1 Evans, Trans. Faraday Soc., 1946, 4a, 113. 

8 Diatkina and Syrkin, Acta Physicochim ., 1946, 21 (5), 921. 

8 McMurry, J. Chem. Physics , 1941, 9, 241. # 
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The purpose of this present work is to improve on the approximations 
referred to above by taking into account the greater binding energy of 
the electrons in the C = 0 bonds, the greater electronegativity of the 
O atoms and the tendency to conjugation through the entire system. 

II. Outline of Method 

Consider a reaction of the type— 

O OH 

O 

The energy, 2£„ of Q, apart from the energy of inner-shell electrons, can 
be analyzed into the following terms— 

E l = 2D Ci — c, 4- 4^ Cl —Of + 4^c —h + 2-Dq— o 4- -Dh — h 4- 4^j>o 4” (i) 

where all D 's refer to a bond energies between the atoms indicated in the 
subscripts. Fig. i a shows diagrammatically the assignment of p electrons 
to the carbon-oxygen skeleton. On each of the oxygens there is a doubly- 
occupied p v orbital, whose symmetry-axis is in the plane of the ring. The 
energy of an electron in such an orbital is denoted by E Vr The energy 
of the system of 8 mobile electrons originally in p t orbitals is denoted 
hv E tn . 





Similarly the relevant part of the energy of the hydroquinone, E it 
can be expressed— 

E t ~ 2 l) f Ct —Cj -1- 4D'cr-c, 4- —h 4- 2 D'o-_o 4 - 2 A>—h 4- £10 n» • ( 2 ) 

where the D’s have the same significance as the D's in eqn. (1) and refer¬ 
ence to Fig. 1 b shows that we now have to consider the energy of 10 mobile 
electrons originating from 8 p, orbitals. 

. Thus for the energy change in the reaction under discussion we have 

E% — E l = A E = AD* — D H —h 4 - 2D0—h — 4 E Pq 4- E lon — E m> (3) 

where A D a denotes the total change in a bond energy, resulting from the 
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changes in the bond lengths concerned. Strictly speaking A D a may be 
different for different quinones (in the reduction of naphthoquinones 
for example, changes in ten, not six, C—C a bonds are involved). How¬ 
ever, in the reduction of those more complicated o- and ^-quinones to which 
the discussion is restricted, we may assume the changes in bond length 
as taking place in the " quinoid aromatic nucleus ” only and consequently 
the change in energy A D a may be taken as a constant throughout the 
series. Furthermore, the value of E Po (eqn. (1)) may be taken as a con¬ 
stant throughout a series of quinones. Thus, if we change from one 
quinone to another the energy change A E in eqn. (3) will be governed by 
changes in (E IW — E^), the difference between the total binding energy 
of 10 and 8 mobile n electrons in QH 8 and Q respectively. 


Z 



Fig. 1 b 

We have calculated E and by means of the molecular-orbital 
method as it was first used for substituted aromatic compounds by 
Pauling and Wheland. 4 

In the secular equations, which are readily set up and factorized by 
making use of the appropriate symmetry-group, we introduce the follow¬ 
ing parameters : 

(i) 8, expressing (in terms of the resonance integral ft) the difference 
between the electronegativity of the oxygen and carbon atoms; 

(ii) p, being the ratio of the resonance-integral of the C = 0 bonds 
to those of the C=C bonds (the latter all taken equal to j 3 ) ; 

(iii) k, expressing the change in the electronegativity of the C atoms 
adjacent to the O atoms, as the result of an inductive effect, by an 
amount kh\ 5. 

We neglect overlap integrals between adjacent orbitals. Wheland 6 has 
shown that this does not essentially change the results for the ground 
state of hydrocarbons molecules. For hetero-molecules the error involved 
in this approximation is still the subject of investigation by several 
authors. 

After assigning certain values to the parameters 8 , p and k, the factor¬ 
ized secular equations are solved numerically. To obtain E lvt and E 9 „ 
we have to assign to the five and four molecular orbitals with the lowest 
energy the 10 and 8rr electrons respectively. 


4 Pauling and Wheland, J. Amer. Chem. Soc. t 1035, 57, 2091. 
6 Wheland, J. Amer. Chem. Soc., 1941, 63, 2025* 
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It is convenient at this stage to express our results not in terms of 
differences between the total energy of n electrons but as the difference 
in resonance energy, R qh, — Rq °I compounds concerned. We will 
take as our datum line for the definition of resonance energy (essentially 
delocalization energy) the total energy Ei oc . of the electrons in hypoth¬ 
etical localized bond structures of the type— 

O 

Jl 

and f | 

Y 

o 

Then Rqu s Eion ^joc* Rq ~~ R* n - - . 

Thus Rion -- Ran — ^'qh 2 — Rq 4* O^Joc. — 

The last term is the same throughout a series of o- or p- quinones, provided 
that the same parameters 8, p and k are assigned in all these molecules. 

There are at least two serious objections to this type of calculation. 

(i) In order to obtain true solutions of the problem of the self-consistent 
field, vve ought to assign parameters to all centres and bonds which would 
correspond to the true electron distribution in the molecule. Here, since 
we are only assigning parameters to a limited number of centres and bonds, 
the solutions we obtain are only a first approximation. 

(ii) Secondly, the exact magnitudes of the parameters 8, p and k, 
which are used, are unknown. Some idea of the value of 8 may be deduced 
from the difference in the ionization potentials of C and O atoms, while a 
value of p may be obtained from the energy difference between aC=U 
bond and a C—O— bond at the distance concerned. In most cases the 
complete set of parameters is chosen so as to give the best possible agree¬ 
ment with certain experimental data. 8 

The striking success of the approximation for R qUt combined with 
the “ localized-bond approximation ” for R q discussed above strongly 
suggests that only some additive factors, constant throughout the series 
within the accuracy required, have been neglected. The aim of the 
present investigation therefore was to find theoretical support for this 
suggestion and to show that the variation of (Rqh, — Rq) throughout the 
series is independent of a definite choice of the parameters and, moreover, 
to remove the objections inherent in the assumption of complete localization. 


III. Results 

A. Hydroqulnones.— Calculations were carried out for five compounds, 
these being chosen because, owing to their symmetry properties, the correspond¬ 
ing secular equations could be reduced appreciably by means of group theory. 
The results are given in Table I. We notice that with two different sets of para¬ 
meters which give quite different absolute values of the resonance energies, 
the difference between the resonance energy of the QH* and the corresponding 
hydrocarbon (this latter value denoted by R # .*.) is fainy constant throughout 
the series. 

B. Quinones. —The results of our calculations for four quinones, together 
with those of Diatkina and Syrkin * for eight quinodimethanes are given in 
I able II. It is to be noted that the total resonance energy R q differs from that 
of the rings attached to the quinone system, R' t by a fairly constant amount. 
Rings attached to the quinone system are shown in heavy type in the diagram 
on the opposite page. 

• See, for example, Wheland, J. Atner. Ghent. Soc., 1942, 64, 900. 
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TABLE II 

(All values of R to be taken X j3) 




d « 0 



< 5 -a 



6^2 


Parameters 


k « 0 



A *■ 0 



h — o-i 



1 



P — x 



P - 2 


Compound 

V 

i 

R ' 

Differ¬ 

ence 

*9 

R ' 

1 

Differ¬ 

ence 

*Q 

R ' 

Dif¬ 

fer¬ 

ence 

O 

i -94 

0*00 

1-94 

i*8o 

0*00 

l’8o 

1*40 

0*00 

1*40 

o 










,v 

1-92 

0*00 

1*92 

*•73 

0*00 

1*73 

1-42 

0*00 

1-42 

U 










o 










/\A 

w 

o 

3-82 

2*00 

T82 

3-91 

2*00 

** 9 * 

3*39 

2*00 

i *39 

o 

II 










/yY° 

3‘79 

2*00 

i*79 







\A/ 










co$ 

. 5*50 

3-68 

1*82 







o 










/O 

oo-° 

5*52 

3-68 

1*84 







0 

It 










P 

5*68 

4*oo 

1-68 

5*92 

4*00 

1*92 

5*45 

4*00 

1*45 

■ P:P 

0/ No 

5*72 

4*oo 

1*72 

1 

1 

1 

1 

1 

1 


* Calculated by Diatkina and Syrkin. 5 
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IV. Discussion 

We have to evaluate (/?qh* — Rq)» It will be seen from Tables I and II 
that both these depend on the values of the parameters 8, p and k t the exact 
magnitudes of which are not known. Furthermore, two different sets of 
parameters have to be assigned to QH, and Q respectively. It appears 
from the results, however, that both Rq Ut and Rq can be expressed as 
a sum of two terms : 

(i) a term independent of the parameters, i?c.n. and R\ defined above ; 

(ii) a term dependent on the parameters, but fairly constant throughout 
the series. 

Mathematically this can be expressed as follows— 

R&P) = *c.n. + «(/>) • • • (4«) 

R'q(P') = + HP') .(4 6) 

where p and p' stand for the set of parameters assigned to QH, and Q 
respectively and a and b are functions of these parameters, but constant 
throughout the series in which i denotes a particular member. The 
calculations by Syrkin and Diatkina for a series of quinodimethanes * 
now appear as a special case (when 8 = k = o and p = 1) of eqn. (46). 

It can easily be verified that any other way of splitting Rqu* and i?Q 
into a parameter-independent and a parameter-dependent term does 
not make the latter a constant throughout the series. For example, 
if in splitting up Rq(p') we put R 0 .h. in place of R' we obtain for b(p') 
the values as given in Table III. The theoretical explanation of these 
facts is the subject of a further investigation. 

TABLE III 


(Rq — f?c.h.) X t/P 


Parameters 

Compounds 

6 — 0 
k 0 

p = t 

6 — 2 
* - 0 

p * 1 

6^2 

k =■ O-I 

p- 2 

o-Benzoquinone . 

— 0*06 

— O *20 

— o*6o 

/>-Benzoquinone . 

— 0*08 

— 0*27 

- 0*58 

1 : 4-Naphthoquinone 

4-0*14 

4 - 0*23 

— 0*29 

9: 10-Anthraquinone 

+ 0*36 

I 

4- 0*61 

4- 0*14 


From eqn. (4 a and b) we get— 

AR‘ = (. R^ - R'*) + (*-&). . . . (5) 

The importance of this result lies in this fact that (a— b) is constant 
throughout the series for a given set of parameters. Thus, in relating 
A R to E 0 , we can in effect deal with — R'). 

Another important point is seen from Tables I and II, namely, that 
the values of both Rq and Rq h, are practically the same for corresponding 
0- and ^-compounds for all values of the parameters taken. The values 
of Rq for five pairs of compounds as calculated by Diatkina and Syrkin 
never differ more than 0*04/5. It is very striking, as our own calculations 
show for the benzoquinones, that a close agreement between R^q and 
Rp~q still persists if we allow for a certain degree of localization by assign¬ 
ing positive 8's and p's > 1. 

An assumption of complete localization in the C =0 bonds gave differ¬ 
ences in i?*-Q and R 0 ~q of the order of 0*45/5. Thus it appears that al¬ 
though one might expect a certain degree of localization from the bigger 
electron affinity of O and the greater binding energy in C= 0 , it is clearly 
incorrect to treat this part of the system as an independent localized one. 
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One must carry through a molecular-orbital calculation for the entire 
molecule and localization must be taken care of by means of introducing 
suitable parameters in the secular equation. 

To summarize, we have discovered that in a series of 0- and ^-quinones, 
and Rq can be expressed as a sum of two terms, one of which can be 
treated as a conjugated hydrocarbon by the molecular-orbital method, 
whereas the other term, though a function of theoretically-defined but 
unknown parameters, appears to be relatively constant throughout the 
series. This regularity does not apply to quinones of the type— 



Moreover, the changes in 0 bond energies accompanying are not confined 
to one portion of the structure, but occur throughout the entire molecule. 

It is interesting to note, that neither does the regularity discussed 
above apply to hypothetical compounds of the structure— 



This quinone, as is seen from Table IV, has an abnormal low resonance 
energy. 



TABLE IV 

Eg X 1/0 



Parameters 

Compound 

<5 = o 

k ■= 0 

P - 1 

| <5=2 

::: 

k - o*i 

p =--- 2 

O 

-X 

x., j 

6 

| 

3-8-= 


3*39 

0 

II 




/\ /\ 
ur 

3*70 

' 

— 

,/VVo 




III, 

\ /\ y—o 

3*52 

! 

3*54 

2*92 


Thus, our additivity rule does not apply here. We hope to discuss the 
reasons for this in a later publication. 

In Table V the values of Rqn t , Rq and (J?Q Ht — Rq) have been collected 
together with the oxidation-reduction potentials, is 0 , of the corresponding 
syfetem. In Fig. 2 a the differences given in the fourth column of this 
Table are plotted against E 0 . We get two straight lines of slope 0*82. 
However the 0- and />-compounds still lie on different lines, although the 
difference in their intercepts has by this more precise treatment been 
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TABLE V 


Compound 

E 9 (volt) 

=* Ro . h . 

i (£ q b ) x ijfi 
- R ' 

(*QH t ~ ^q)- 

H«-6) x 1 Ifi 

Corrected for 
Bonding 

o 

0<I 54 

5*32 

4*00 

1*32 

i ‘32 


0*401 

! 

5*32 

i 

3-68 

1*64 

1*64 

o9 

^yv, 

o 

0*460 

5*45 

4*00 

i *45 

i *57 

0 

06 

ii 

0 

0-484 

3-68 

2*00 

1*68 

1*68 

ooy 

! 

0*490 

5’32 

3*68 

1*64 

1*76 

0,X 

1 ^ j 
\/\/ 
ii 

o 

0*530 

5*45 

3*68 

i*77 

i *77 

o 

\/\/ 

0-576 

3*68 

2*00 

1*68 

i*8o 

0 

°\A 

xxV 

o*66o 

5*45 

3-68 

1*77 

1*89 
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TABLE V— (continued) 


Compound 

£§ (volt) 

“ £c'h« 

(X Q - b) x 1 10 
- R' 

-(» 6)x x/0 

Corrected for 
Bonding 

O 

6 

0715 

2*00 

0*00 

2*00 

2*00 

¥ 

0 






O O 

0-813 

2*00 

0*00 

2*00 

2*12 


reduced from 0*56/? to o-izp. By reference to Tables I and II it is clear 
that this difference between the 0- and />-quinones does not arise from the 
method of calculation and we must therefore conclude that it is a real 
difference, arising from some factor we have not heretofore taken into 
account. 

Such a factor, which is mentioned by Branch and Calvin, 7 is the possi¬ 
bility of hydrogen bonding in the o-hydroquinones. We would suggest 
therefore that the discrepancy of o-i20 is to be attributed to the neglect 
of this effect. This amounts to the assumption of an extra stabilization 
in the o-hydroquinones of o-i2/J which is a reasonable value for this type 
of hydrogen bonding. The results corrected in this way are shown in 
Fig. 2b. 

7 Branch and Calvin, Theory of Organic Chemistry (New York, Prentice Hall, 
1941). 
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RATE COEFFICIENTS IN THE POLYMERIZATION 
OF METHYL METHACRYLATE 

PART I 

By M. H. Mackay and H. W. Melville 
Received i$th September, 1948 


The photopolymerization of methyl methacrylate in the liquid phase has 
been studied. The rate coefficients and activation energies for propagation 
and termination have been determined by a modified sector method giving 
k 9 = ( 4<I £ 0*5) x io* ; k % = (6*8 ± i-2) x 10 7 l. g.-mol.- 1 sec.- 1 at 35*9° C 
and E p — (4*4 ± i*o) kcal. per g.-mol. ; E t — zero. The results are compared 
with the corresponding figures which are available for styrene and for vinyl 
acetate and are applied to published data on monomer reactivity ratios. 
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The kinetics of the polymerization of liquid methyl methacrylate 
have been the subject of a number of papers. 1 The general features of 
the reaction are now established and it appeared therefore that the re¬ 
action might be suitable for the evaluation of the absolute rate coefficients 
concerned in the process by making use of photochemical technique 
coupled with the rotating-sector method of measuring the life-time of 
polymer radicals as has already been done with vinyl acetate. 1 There is 
now a further objective in obtaining values for these coefficients. A 
considerable amount of work on the composition of copolymers makes it 
possible to get relative values of growth coefficients for the interaction 
of one kind of radical with two kinds of monomer. The value of the 
absolute coefficient for methyl methacrylate then makes it possible to 
calculate absolute values in copolymerization processes, and thus makes 
available a very extensive set of reactivities in regard to radical double¬ 
bond interactions. 

Apart from the above matters the behaviour of the methyl metha¬ 
crylate molecule is peculiar in many respects and it was essential to try 
and elucidate some of these features more extensively. For example, 
in the gas-phase polymerization three kinds of reaction can take place. 3 
Polymerization may be induced by atomic hydrogen but the polymers 
formed are of low molecular weight. Polymerization is also induced by 
direct absorption of ultra-violet radiation. In addition, however, polymer¬ 
ization proceeds in the dark for long periods of time after the light is cut 
off. While it is now certain that the first two reactions are radical pro¬ 
cesses—the first, monoradical polymerization and the second, probably 
a diradical process—the nature of the third process is much more obscure 
and therefore merited further investigation. As has already been pointed 
out in the case of vinyl acetate polymerization, gas-phase reactions can 
become rather complicated because of the fact that the polymer mole¬ 
cule forms a new phase in the system and therefore the reaction tends to 
become heterogeneous in the sense that monomer has to be taken up by 
the growing polymer radical as a necessary preliminary to reaction. It 
was therefore important to find whether this kind of effect could be 
obtained in the liquid phase where the above-mentioned complications 
are absent and there might be a possibility of getting a better insight 
into the origin of this special type of reactivity. 

The first paper, therefore, gives a description of the kinetics of the 
reaction with emphasis on the evaluation of the rate coefficients. The 
second paper deals with a number of other observations on the behaviour 
of this system. 


Experimental and Results 

Methyl methacrylate, supplied containing o*i % hydroquinonc, was purified 
by washing repeatedly with NaOH to remove inhibitor, then with distilled water. 
It was then dried quickly over anhydrous calcium chloride and filtered into the 
reservoir on the vacuum line. The monomer was distilled twice in vacuo, and 
finally into the reaction vessels which were sealed off. Throughout, the monomer 
was protected from strong light. Other purification methods had been tried 
such as the following. The washed monomer was distilled under nitrogen at 
about 20 mm. pressure, and washed with ferrous sulphate solution, then with 
distilled water. It was then dried, degassed and allowed to stand in vacuo in 
the light until some polymerization had taken place and the liquid had become 
viscous. The monomer was then distilled from the polymer in vacuo and re¬ 
distilled as before. 

1 Norrish and Brookman, Pvoc. Roy. Soc. A, 1939, 171, 147. Norrish and 
Smith, Nature, 194 2 * * 50 , 33b. Schulz and Blaschke, Z. physik. Ghent. B , 1942, 
51, 75. Schulz and Harborth, Die makromol. Chem., 1947, l, 106. Trommsdorff, 
B.f.O.S. Report, No. 363, Item 22. Baxendale, Evans and Kilham, Trans. 
Faraday Soc., 1946, 42, 068 ; J. Polymer Sri., 1946, 1 , 4G6. Bamford and Dewar, 
Faraday Soc. Discussions 1947, 1 • 

“ Burnett and Melville, Proc. Roy. Soc., A, 1947, 180, 4*56. 
a Melville, ibid., 1937, 163, 511. 
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The first method, however, was found to be most reliable, giving a product 
which was thermally stable at the temperatures employed (20-50° C) and gave 
reproducible photo-polymerization results. 

Bcnzoquinonc was purified by repeated steam distillation, thorough drying 
and sublimation. Benzoyl peroxide was purified by dissolving in chloroform, 
filtering and precipitating the benzoyl peroxide by pouring into methyl alcohol. 
It was then filtered off, dried and stored in a vacuum desiccator. 

Silica reaction vessels were used as shown in Fig. i, having a capacity of 
about 3*5 ml. They were calibrated by addition of water from a microburette. 
The reaction vessels were cleaned by filling with chromic acid mixture over¬ 
night, washing with distilled water and filling with sulphurous acid solution 
again overnight ; then washing repeatedly and filling with distilled water until 
required. The reservoir and receivers on the vacuum line were cleaned in the 
same way, then flam.'d out thoroughly in vacuo. 



Fig. 1.— Silica reaction vessel. 

The source of light was an Osira 125 W high-pressure mercury arc-lamp run 
oh the 230 V a.c. mains. The glass cover was removed and a silica tube used 
as envelope. A rectangular metal screen, bent to fit inside the silica tube, re¬ 
flected the light in the direction of the reaction vessel in an approximately 
parallel beam. In carrying out experiments in the determination of rate co¬ 
efficients, it is important to be sure that the radiation is not completely absorbed 
in a layer of monomer much less in thickness than that of the reaction vessel 
itself. Experiments were made with a variety of glass filters to find the longest 
wavelengths capable of initiating reaction at a measurable speed and light of 
wavelength up to about 3600 A was found to be effective. When a Corning 
filter No. 014 was used, having the transmission given in Table 1 , the rate of 
polymerization was reduced by a factor of two as compared with the full radi¬ 
ation from the Osira lamp. Therefore at least half of the photochemically- 
active radiation lies above 3000 A, and, since the powerful 3130 A line is cut 
down ten times in intensity by the use of this filter, the fraction will actually 
be considerably greater. The molar decadic extinction coefficient of methyl 
methacrylate at 3000 A is o-oi 4 and only 10 % of the light of this wavelength 
is absorbed in passing through the reaction vessel used. This means that for 
all practical purposes the light is uniformly absorbed throughout the reaction 
vessel. 

TABLE I. — Transmission by Corning 014 Filter 
Wavelength 3050 3130 3180 3230 3260 3300 3350 3390 3470 3650 

(A) 

% Trans- o 10 20 30 40 50 60 70 80 00 

mission 

Preliminary experiments had shown that the light used caused no decomposition 
of liquid methyl methacrylate or of the polymer. 

A rectangular glass tank was used as thermostat. The Osira lamp was 
imn.us.-\I in this and the silica envelope and reaction vessel clamped firmly to 
the steel-rod framework surrounding the tank. A brass screen with a rectangular 
window was interposed between lamp and reaction vessel, to cut off all light 
except that passing through the window. The screen was fitted on one side 
with grooves and a stop for holding filters or screens as required and on the 
other side with a shutter sliding smoothly in grooves, so that the window could 
bo kept open or shut or intermittent illumination obtained. The lamp, window 
and screen were carefully aligned vertically and horizontally and the lamp and 
screen kept fixed. 

The course of polymerization was followed dilatometrically, the meniscus in 
the reaction vessel capillary being observed by means of a cathetometer. This 
method was accurate up to about 20 % polymerization in the capillaries used 
but at higher conversions the meniscus became distorted due to the increasing 
viscosity of the mixture. To calibrate the dilatometric method, at the end of 
each of a series of runs at one temperature, the contents of the reaction vessel 
were washed out completely with acetone and the polymer precipitated by slow 

4 Goodeve, Trans . Faraday Soc., 1938, 34, 1239. 
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addition of excess methyl aicohol with oon^ant ^nng. The 

allowed to settle for some hours, then stereo on on a we g i d * 

crucible and washed with methyl *dcohol. ^^The^lymer 3 days 

very bulkyiwrousprccipitatew'h ned Original volume and 

at 8o°C From the weight of o ^w oDmn a ^ calculat B ed for each run 

densrty °/.. th ® m °"X>nship between %-decrease in volume and %-polymer- 
f^ion e estabShed e for I< th^ experimental temperature. This was then repeated 
at another temperature (Fig. 2 ana 3). 



% Polymerization. 

Fig. 2.— Measurement of the conversion factor (%-polymenzation/%-decrease 
in volume); temperature ~ 20*9° C ; conversion factor — 3*00. 



Molecular Weight Measurements. —Where absolute molecular weights 
wfere required, the osmotic molecular weight was measured ; but where only 
relative values were needed, the intrinsic viscosity was found as this was much 
less laborious and less polymer was required. To determine the number average 
molecular weight of a sample, this was dissolved in distilled benzene to give 
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30 ml. solution (i %, if sufficient polymer were available) and the solution was 
filtered. The dynamic osmotic pressure of this solution was then found. The 
osmometer used was a modified, thermostatted form of that described by Fuoss 
and Mead 6 used with bacterial cellulose membranes.* Full details of osmometer 
construction, membrane preparation and experimental technique have been 
given by Masson and Melville. 7 The solution was run out of the osmometer and 
the concentration determined by evaporating a weighed amount of solution 
at ioo° C to constant weight. This method involves an error due to residual 
solvent which remains in the polymer film and is not driven off by prolonged 
heating at ioo° C. To estimate this error, experiments have been carried out • 
in which similar solutions of polymethyl methacrylate in benzene were evapor¬ 
ated at ioo° C to constant weight in the usual way and the weighing bottle 
then placed in a molecular still and 
heated to iio° C in high vacuum, again 
to constant weight. This caused a loss in 
weight equal to 6*3 % of the apparent 
weight of polymer, i.e. the true weight 
of polymer was equal to 93*7 % of 
the apparent oven-dried weight. This 
correction was applied to all concen¬ 
tration measurements. The osmotic 
pressure was measured for a series of 
concentrations obtained by successive 
dilutions of the original solution. The 
cell constant was found t ( after each 
two osmotic pressure measurements or, 
when it was found to vary, after each 
single measurement) with solvent on 
both sides of the membrane. The 
experimental values of n were plotted 
against concentration c. Points on 
this smoothed curve were used to plot 
rr/c against c and extrapolate to zero 
concentration as in Fig. 4. Then if 
M n is the number average molecular 
weight of the polymer, 

= *77(p e _ o 

Viscosity measurements were carried 
out in Ostwald-typc viscometers of 
similar dimensions and therefore ap- Fig. 4.—Extrapolation of 7r/r against c. 
proximately equal rates of shear. About 

0*05 g. of the dry polymer was weighed out into a clean 100 ml. bottle with ground 
stopper and 50 ml. distilled benzene added. The polymer was dissolved by 
slow end-over-end rotation in a tumbling machine and the resulting solution 
filtered through a sintered-glass crucible. To obtain the concentration of the 
filtered solution, two 10 ml. samples were successively evaporated on a weighed 
watch gla.ss at ioo° C to constant weight and the correction for residual solvent 
was applied as before. Before use, the viscometers were steeped in chromic 
acid mixture then washed with distilled water, then acetone and dried by 
compressed air. After one determination they were washed out three times 
with acetone, dried and used again ; after the second they were washed out 
with acetone, then distilled water and steeped in chromic acid mixture for some 
hours. This was found necessary in order to obtain consistent results. The 
experimental accuracy required has been indicated by Gee.* Three viscometers 
were rigidly held in a brass stand which was placed in the thermostat and fixed 
to the framework, two plumb-lines giving the vertical in two perpendicular 
directions. Three concentrations of each polymer solution were used, the 
original solution being diluted in the viscometers. By using three stop-watches, 
the viscosities of the three concentrations could be measured at the same time. 

8 Fuoss and Mead, J. Physic. Chetn., 1943, 47, 59. 

• Cruickshank, Masson, Melville and Menzies, Nature, 1946, 157, 74. 

7 Masson and Melville, J. Polymer Set., 1948 (in press). 

• Grassie, ibid, (in press). 

• Gee, Trans. Faraday Soc., 1940, 36, 1162. 
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The intrinsic viscosity [ij] was obtained by extrapolating the expressions— 

W = lim v.p/c 


and 


[ij] = lim {r/c ln(l + 
c —► 0 


The mean rate of shear in the viscometers was always greater than 1000 sec.- 1 , 
at which value [vj] is not sensibly dependent on rate of shear. 10 

Since the intrinsic viscosity was used as a means of interpolation for the 
measurement of molecular weights, it was necessary to calibrate the method 
against osmotic measurements made on the same unfractionated samples. 
The intrinsic viscosities of photopolymers for which M n had been determined 
osmoticallv were measured in benzene solution at 20° C and a linear relation¬ 


ship was found between M n and [17] °* 77 , as shown in Fig. 5, in accordance with 
the equation, 

= .V3-* X 



Fi<». 5. —Intrinsic viscosity of the photopolymer as a function of osmotic 

molecular weight. 

This is not in agreement with the results of Baxendale, Bywater and Evans 11 
for unfractionated polymers produced by the reduction-activation technique, 
but it must be emphasized that poly-disperse materials were being used. 

The Photopolymerization Reaction. —No measurable thermal polymer¬ 
ization occurred at the temperatures used (20-50° C). In reaction vessels at 
room temperature in the dark, the monomer showed no apparent increase in 
viscosity after several weeks. 

The reaction showed no detectable induction period and was apparently 
independent of polymer concentration in the initial stages and over a consider¬ 
able %-conversion (Fig. 6). In the later stages of the reaction there was a 
“ gel ” effect, the rate increasing rapidly with time (Fig. 7). The “ gel ” ac¬ 
celeration set in at a lower %-conversion under conditions leading to higher 
molecular weights, i.e. at higher temperatures and at lower light intensities. 
The relative molecular weight, measured by the intrinsic viscosity, remained 
constant during the “ zero-order " phase of the reaction and increased during 
the “ gel ” stage, as shown in Table II. 


TABLE II. —Intrinsic Viscosity of the Polymer 

1. Initial phase of reaction at 20*9° C 

%-Conversion . i-8 2*7 3*9 5*5 9*0 

ll ] • • • **2 1*0 1*1 1*0 1*2 

2. .Initial and “ gel ” phase at 30-15° 0 (see Fig. 7) 

%-Conversion . 3-6 5-2 15 25 45 

M • • • 1*4 i *4 i*7 1*8 i*8 

10 Davies, Porton Report, 1944, No. 2598. Toms and Hall, ibid.. No. 2599. 

11 Baxendale, By water and Evans, /. Polymer Sci., 1946, 1, 237. 
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Fig. 6.—Photopolymerization as a function of time at 36*5° C 



Prolonged exposure to air, after filling the reaction vessel in vacuo in the usual 
way, was found to have little effect on the polymerization. 

TABLE III.— The Effect of Air (Temperature -- 35*9° C) 



Induction Period 
(see.) 

Steady Rate 
(%-conversion per min.) 

[tj] of Polymer 

In air . 

24 

0*106 

0*88 

In vacuo 

0 

0*102 

0*97 


The Effect of Temperature. —The rate of polymerization was measured 
in one run at three different temperatures in succession, the reaction vessels 
being kept in a vacuum flask with solid CO a while the thermostat temperature 
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was being altered. At the same time, complete runs to about xi %-polymeri- 
zation were carried out at two different temperatures under the same intensity 
and the osmotic molecular weights of the polymers formed were measured to 



Fig. 8.—The overall activation energy for photopolymerization. 

find the effect of temperature on the mean chain-length. Plotting log (relative 
rate) against the reciprocal of the absolute temperature, as in Fig. 8, gives an 
overall activation energy of 3-7 ± 0-2 kcal, per g. mol. 


TABLE IV.— Effect of Temperature on Mean Chain Length 




Osmotic Chain Length 

Temperature °C 

(g. mol. x I.- 1 x sec.- 1 ) 

v* 

35'9 

I 1276 

3360 J_ 100 

50-67 

17-42 

4280 4* 150 


These figures give an activation energy for mean chain length of 3*3 ± 0-5 kcal. 
per g. mol 

The Effect of Intensity. —To measure the intensity exponent of the re¬ 
action, the rate of polymerization was measured in one run in the same re¬ 
action vessels at 35*9° C, (a) under the full intensity from the lamp and (b) with 
the intensity reduced by covering the window with successive calibrated screens. 
The intensity exponent had a mean value of 0*48 at the beginning of the reaction 
(Fig. 9)1 but increased with increasing polymer concentration as shown in Fig. 10. 
Complete runs were also carried out to about 11 %-polymerization under different 
light intensities and the molecular weights of the polymers were measured 
osmotically. 

The value (0*48) of the intensity exponent measured in the initial stages of 
the reaction shows that mutual termination only takes place. It is not possible 
to discriminate kinetically between disproportionation and combination. In 
a monoradical system either mechanism is possible, the mean chain-length being 
twice as great with combination as with disproportionation. If, however, the 
growing chains are diradicals, termination by combination would cause the 
linking-up of chains into successively larger units ; in the steady state the number 
of growing chains would be constant but the mean chain-length would increase 
apparently without limit other than that imposed by any simultaneous transfer 
reaction. 
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In this paper, the assumption is made that the system is a diradical one. 
There is no direct experimental evidence on this point but the following argu¬ 
ments support the assumption while not affording proof. Firstly, so far as is 



Fig. 9.—Intensity exponent at beginning of photopolymerization at 35*9° C. 

known, molecules of this kind are not decomposed by light of the wavelengths 
used. It would be possible for dissociation into radicals to take place without 
any decomposition being observed, owing to the rapid recombination of the 



Fig. 10.—Intensity exponent as a function of mean %*conversion at 35*9° C. 

radicals in the liquid phase. The maximum opportunity for survival of such 
radicals occurs in the gas phase but, whereas polymerization is initiated by 
light of longer wavelengths, photodecomposition of methyl methacrylate is 
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caused only by light of wavelengths less than 2200 A. 3 In the photopolymer¬ 
ization of vinyl acetate,* as in the thermal polymerization of styrene, 12 it has 
been shown that diradicals are produced. By analogy, it seems reasonable 
to assume that this is the case with methyl methacrylate also. Assuming the 
system to be a diradical one, there is no experimental evidence for combination ; 
finite molecular weights have been obtained in all experiments, the chain-length 
remains constant (luring the course of the normal polymerization and increases 
with rise in temperature. (If the chain-length were determined solely by a 
transfer reaction, it would decrease with rise in temperature since such re¬ 
actions in general have a considerable activation energy. 18 ) Also the molec¬ 
ular weights obtained in the photoreaction are comparable with those obtained 
in the benzoyl peroxide-sensitized polymerization, a known monoradical reaction 
(see Part II), so that the occurrence of combination to any significant extent 
is unlikely. Evans 14 has shown by kinetic and osmotic molecular-weight and 

TABLE V.— Effect of Intensity on Mean Chain Length 


Temperature — 35*9° C 


Relative Intensity 
Jrel. 

Rate x io* 

(g. mol. x l.“ l x sec.- 1 ) 

Osmotic Chain Length 

v n 

(f„ X /relO X I0~ 8 

100 I 

12*76 

3360 ± IOO 

33 -& 

34*6 

7*61 

5600 ± 200 

1 

32'9 


terminal-group estimations that in the polymerization of methyl methacrylate 
in aqueous solution combination of radicals apparently does occur. It is possible 
that in this case in presence of hydrogen peroxide there may have been transfer 
involving peroxide molecules giving terminal hydroxyl groups and still making 
it possible for there to be disproportionation of methyl methacrylate radicals. 

The figures given in Table V show that the product ( v n x T re i.i) at 35-9° C 
is constant within the accuracy of measurement of v n . This means that the 
osmotic chain-length at this temperature is determined solely by the termina¬ 
tion reaction and transfer does not play a significant part in the reaction, i.e. 
the mean kinetic chain-length is equal to the osmotic chain-length. Also, since 
the mean chain-length remains constant during the normal polymerization 
reaction, the mean chain-length v n is equal to the instantaneous chain-length, 
y„, so that the rate of initiation of chains can be obtained directly from the rate 
of polymerization and osmotic chain-length. 

Measurement of the Life-time of the Active Polymer.— Since the overall 
rate of polymerization is proportional to the square-root of the intensity of the 
absorbed light and is constant during a considerable initial period of the reaction, 
the life-time of the active polymer can be determined by the use of intermittent 
illumination, applying the theory as developed bv Burnett and Melville.* A 
preliminary experiment was made with a rotating sector to find the approximate 
life-time. The reaction vessel was immersed in a small copper tank with silica 
windows, through which water was circulated from a thermostat at 35*9° t\ 
It was illuminated by an Osira lamp and a black metal disc cut with two 90 : 
sectors was fitted up to rotate in the path of this beam of light. The sector 
disc was mounted and driven as described by the above authors and the speed 
of the motor was varied and measured in a similar w r ay. Since the sector-opening 
was much larger than the area of the reaction vessel, there was no danger of 
scanning. The rate of polymerization was measured for steady illumination 
and for intermittent illumination with different sector speeds. The sector 
was allowed to run at constant speed for 10-15 min. before each measurement 
but it was found difficult to obtain uniform rotation at very low speeds. No 
variation m rate with sector speed was found down to the slowest speeds accur- 
1/5 sec 1 C unc ^ er these conditions was greater than about 

T J* a " d ^“erstein. J. Prakt. Chem., 1941, 158, 186. Melville and Watson, 
Trans. Faraday Soc. (in press). 

’•Bamfordland Dewar, l'roc. Hoy. Soc. A , 1948, 192, 309. 

Evans, J. Chem. Soc., 1947, 266 
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The experiments were continued with the set-up described below where 
better temperature regulation was obtainable. Intermittent illumination was 
obtained by manual operation of the sliding shutter, timed by a 1/10 sec. stop¬ 
watch. This method, although tedious, had the advantage over a sector method 
of giving an abrupt transition between light and dark conditions and avoided 
any possibility of scanning. The reaction vessel was given equal alternate 
periods of light and dark so that this was equivalent to the use of a 1/1 sector (i.e. 
r = 1 in Burnett and Melville’s notation). The life-time was determined at 
35*9° C and the mean molecular weight of the polymer formed under steady 
illumination at that intensity was measured osmotically. For the life-time 

TABLE VI.— Sector Experiment 

Under steady illumination, 

R,t = 275 X io-* (cm. per min. decrease in height) 
if,t X 2-1 — 1*94 x 10 “* (cm. per min. decrease in height) 


Time of Flash ! 

Rate 

(sec.) x io 1 | 

i 

(cm. per min.) X 10* 

I 

4-45 I 

2*00 

6-8 

2*04 

17-48 J 

2*01 

18-45 | 

i *95 


measurements, three reaction vessels were used in succession and, with each, 
several observations were made of the fall in meniscus level during five minutes 
of steady illumination, for no illumination, and for two different rates of flashing. 
The mean values were taken in each case. In making each measurement, to 
correct for any end-effect, the shutter was worked for one minute and the initial 
meniscus reading taken. The shutter was then worked for five minutes and 
the final reading taken. The life-time was determined in the same way under 
a lower intensity for which the osmotic mean molecular weight was also measured. 
The measurements were then repeated at two other temperatures. 

It was necessary to correct the observed rates for the simultaneous dark 
reaction which was measured during the period of no illumination. The cor¬ 
rection has been discussed by Noyes and Leighton 16 and depends on the 
mechanisms of the two reactions. If the light and dark reactions follow inde¬ 
pendent paths, the total rate will be the sum of the two rates taken independently. 
Also when the light and dark rates involve one or more of the same secondary' 
processes, if the concentration of the rate-determining intermediate varies 
directly with the light intensity or concentration of reactants, the total rate 
will again be the sum of the light and dark rates taken independently. If, 
however, proportionality to the square-root of the light intensity or concentra¬ 
tion of a reactant is involved, the total rate will be equal to the square-root of 
the sum of the squares of the light and dark rates. In the present instance, if 
it is assumed that the dark reaction is a free-radical reaction, the propagation 
(and probably also the termination) process will be common to both reactions ; 
also the rate of the photopolymerization is proportional to the square-root of 
the light intensity. The correction was therefore applied as follows. 

If Rt — observed total rate of polymerization ; 

5= rate of light reaction ; 

Rj) “ rate of dark reaction ; 
then Rl = (Rf* - Rd*)*' 

All rate measurements were made within the first few % polymerization 
so that in every instance the dark rate was relatively small (see Part II) and 
remained constant within experimental accuracy during the period of the ex¬ 
periments. The correction, applied as above, was in most cases zero and always 
less than 3 % of the mean observed total rate. Under these conditions, any 
discrepancy' between the dark rate during illumination and the measured dark 
rate due to its decay during the one-minute interval preceding measurement 
w'ould not be large enough to affect the results significantly. 

15 Noyes and Leighton, The Photochemistry of Gases (Reinhold, 1941). 
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The preliminary experiment with the rotating sector had shown that the 
rate for high-flashing speeds was related to the steady rate by 

R - R, i.M 

so that although high speeds were not obtainable by the shutter technique, the 
rate at high speeds could be taken as 7 ? 8 t./ 2 ** For each set of measurements at 
a particular rate of flashing, the ratio of the corrected mean rate to that at high 
speeds was calculated as in Table VIII and the corresponding value of log m 
was found from Burnett and Melville’s theoretical curve for r — i (Fig. 11), 
and hence the life-time, 

r »» t/m, 

where t is the duration of the light flash. (Tables IX-XI.) 



Fig. ii. —Theoretical curve of Burnett and Melville. 

From this value of log m, the value of log [{2/(/)}fr X f] was subtracted where 
2 /( 1 ) is the rate of initiation of chains (Table VII) to give directly log and 
hence k t ; k v was then calculated from the mean value for k t . In their calcula¬ 
tion of rate coefficients, Burnett and Melville made no distinction between mono¬ 
radical and diradical systems and although they assumed diradicals, their 
notation would seem to imply a monoradical system. This has led to some 
confusion regarding the precise significance of their results. Considering each 
radical end individually, the kinetic scheme for a diradical system without 
transfer may be represented as follows. 

M -1- hv = Q/ + Qq f(I) 

«/ + m - q ; +1 k, 

0/ + Qn * Qr -I- Q„ k t 

where Q/ represents an active “ half-chain " of length r units, and represents 
an inactive *' half-chain ” of length r units. The rate of production of “ half¬ 
chains ” is 2/(7). Assuming disproportionation, the mean chain-length 7 ^ is 
equal to twice the mean “ half-chain ” length ; also the mean “ half-chain ” 
length is equal to the instantaneous “ half-chain " length, i.e, to the ratio : 

Rate o f consumption of monomer _ — d(M)/d/ 

Rate of production of ,4 half-chains ” 2/(1) 

Hence 

- d(M)/d< 

2 /( 1 ) 

and the rate of production of “ half-chains " is 

2 /( 1 ) - 2 
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The coefficients k 9 , k t refer respectively to the interaction of one growing chain- 
end with a monomer molecule and to the mutual interaction of two growing 
chain-ends without any regard to the other ends of the chains which may also 
be growing or may have already been terminated. 

TABLE VII.— Calculation of Rates of Chain Initiation 


Temperature 

e C 

Overall Rate x io 6 
(g. mol. I.- 1 x sec.- 1 ) 

R 

Number Average 

Chain Length 

v n 

! Rate of Initiation x io 8 
(einstein l.- 1 x sec.** 1 ) 

" */(/) 

35’9 ( a ) 

12*76 

3360 ± IOO 

7*60 

35'9 (*) 

7*01 

5600 ± 200 

2*50 

23-6 

5 * 5 ^ 

4700 i 150 

2*36 

50-5 

10*51 

t 

7.590 ± 3 <X> 

2*77 


TABLE VIII.*— Measurement of Life-time at 50*5° C 


(Example of experimental data.) 


Conditions 

Kate (cm. drop per 
| 5 min. x 10*) 

Corrected Mean Rate 

V -«/>*)* 

% Rate for 
High Flashing 
Speeds 

Rt, steady illumination 

61, 

62, 63, 1)2 

62*0 


Rd, no illumination . 

I, 

1, 1, 3 

— 


Rt, 2 sec. flash. 

4 2 * 

42, 40, 40 

41*0 

93*5 

R t , steady illumination 

62, 

()2, 63 

62*3 S 


Rj), no illumination . 

2, 

2, O, I 



Rt, 2 sec. flash . 

40, 

40, 4 1 

40*3 | 

9i*5 

Rt, steady illumination 

52, 

52, 5L 52 

~~ 5>‘7 


Rd, no illumination . 

l, 

2, 1 , 1 


__ 

Rt, 2 sec. flash . 

34* 

34. 35. 33 

34-o 

92*9 

Rt, 5 sec. flash . 

32, 

3L 30, 32 

31-2 I 

85*3 


TABLE IX. - Calculation of t and k t at 35*9° C 



% Rate for 




1 


t (sec.) 

High Flashing 
Speeds 

W [(*/(/»■*0 

log m 

x ( sec .) 

I log*,* J 

(1. g.-mol.- 1 
sec.- 1 ) 

( a ) 1 

95*3 

4*440 

0-330 

0-47 

3-890 j 

6*o 

2 

89*2 

4‘74 r 

0-603 

0-50 

1 3*862 1 

5*3 

2 

87*8 

4*741 

o-&75 

0*42 

3*934 j 

7*4 

2 

87*0 

4’74 J 

0-7 JO 

o*39 

3*9^9 j 

8-7 

Mean 




0-44 


6*8 

( b ) 2 

92*3 

4-500 

0-467 

0*68 

1 1 

3 ' 9(>7 , 

8*6 

5 

85*5 

4-898 

o-8oo 

0*79 

3-902 j 

(>•4 

5 

86*o 

4-898 

0-770 

o*S5 

3'®7 2 

5*4 

Mean 

j 



0*77 

1 

6*8 


(a) Mean value of k t — (6*8 ± 1*2) x io 7 1 . g.-mol.- 1 sec. - C 
In the steady state, d (ZQ'Jjdt — 2/(7) — k t {ZQ ' r ) 2 = o, 

therefore ( 2 Q' r )* = n*n x io- lf , 

n t 

and ( 2 Q' r ) ~ 3*33 X io~ 8 g.-mol. I.- 1 . 

Rate of polymerization, R - A,( 2 J 1 6 / r )(M), 

therefore k p = R/(IQ' r ){U) - ( 4 -i ± 0*5) x 10M. g.-mol.- 1 sec.- 1 . 
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(6) Mean value of k t = (6*8 ±, 1-2) X io 7 1. g.-mol." 1 sec." 1 ; 
as above, (EQ' r \ = i*9i X io-* g.-mol. I.- 1 ; 
and ~ (4*o ± 0*5) x io 8 1 . g.-mol.- 1 sec.- 1 . 


TABLE X. —Calculation of t and k t at 23*6° C 


t (sec.) 

% Rate for 
i High Flashing 
Speeds 

log 

log m 

r (sec.) 

log 

k t X XO~ T 

(1. g.-mol- 1 
sec.- 1 ) 

2 

! 93*7 

4-488 

0-403 

0-79 

3*915 

6-8 

2 

94-2 

4*488 

0-380 

0-83 

3-892 

6-i 

5 

85-4 

4*886 

0-805 

0-78 

3*919 

6*9 

Mean 




0-80 


6*6 


Mean value of k t *=■ (6-6 d: 0-4) x io 7 1. g.-mol.- 1 sec.- 1 ; 

as above, {EQ' r ) = 1*89 X io-* g.-mol. I.- 1 , 

and k 9 — (3*1 ± 0*2) X io 8 1. g.-mol.- 1 sec.- 1 . 


TABLE XI.—Calculation of t and k t at 50*5° C 


i (sec.) 

% Rate for 
High Flashing 
Speeds 

log rw(/))*o 

log W 

t (sec.) 

log k t i 

k t X io" 7 
(1. g.-mol.- 1 
sec.-*) 

2 

92*9 

4*522 

0-442 

0-72 

3-920 

6-9 

5 

; 85*3 

4-920 

0-805 

0-78 

3-885 

5*9 

2 

91*5 

4-522 

0-500 

0-63 

3-978 

9-o 

2 

Mean 

93*5 

4*522 

0-410 

0-78 

0*73 

3-888 

6*o 

6*9 


Mean value of k t = (6*9 d: i*o) X io 7 1. g.-mol.- 1 sec.- 1 ; 

as above, ( SQ' r ) 2*00 x io-* g.-mol. l.-\ 

ancl k 9 — (5-8 ± o*6) x io* 1. g.-mol.” 1 sec.- 1 . 

These experimental results show that the coefficients k 9 , k t do not vary sig¬ 
nificantly with chain length. Within the experimental accuracy, k t is also in¬ 
dependent of temperature, i.e. the most probable value of the activation energy 
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for termination, E t , is zero. Plotting log (k p x io- a ) against the reciprocal of 
the absolute temperature as in Fig. 12 gives an activation energy for propaga¬ 
tion, E, « (4*4 ± 1*0) keal. per g.-mol. With the notation given above the 
rate of polymerization is 

- d(M)/d< = k p (U) 2 (Q r '). 


In the steady state, 
and 


2/(7) = M2?Q r T, 

- d(M)/di = ; 


so that the overall activation energy is given by 

r-T - E r -I- i£'2/(/) - iE ,; 

, - -d(M)/d< 

also ~ ~m~ = mw, ]*• 

and the activation energy for chain-length is given by 
Ev n = E, - - iE t . 


P) 


(») 


The experimental results obtained were Et ' (3*7 ;h 0*2), Ev n — (3*3 ± 0*5) 
keal. per g.-mol. ; so that within experimental accuracy f(l) is zero, as would 
be expected for photochemical initiation. With the values obtained for 7 s„, 
7: t , I eqn. (i) gives an overall activation energy of (4*4 -f- 1*4) keal. per g.-mol. 
as compared with the experimental value of (3*7 4 _ 0*2) keal. 


hp is defined by k p — A p cT E p^ rt 
i.e. A p — /< p v K p IUT = 5 X 10 5 1 . g.-mol.- 1 sec. -1 

also k t is defined by h t A t e~~ E t IRT 


i.e. 


A t — k t e E tl nT — 10® 1 . g ” mol.- 1 sec.- 1 . 


TABLE XIT. —Rate Coefficients and Activation Energies for 
Mfth yl Methacrylate 


Temperature V 

23-0 

35*9 

35-9 

5°*5 

- d(M) l<U ,< 10 6 (g.-mol. 
l.- l si ; c.->) 

5'56 

12*76 

7*01 

10*51 

v n .... 

4700 • 

33 ^° 

5600 

759 ° 

2 j[I) x io® (emstein 1.- l 
sec.- 1 ) 

2- 3 f. 

7* 60 

2*50 

2*77 

r (sec.) 

o*8o 

0-44 

o *77 

°’73 

k p x jo- 3 (l g.-mol.- 1 
sec. -1 ) 

3 * 1 

4 * 1 

4 *o 

5*8 

k t X 10 7 ( 1 . g.-mol. -1 

sec.- 1 ) 

6*6 

6*8 

6*8 

6*9 

7 i,((kcal. g -mol. -1 ) 

4'4 

— 

— 


L t (keal. g.-mol.- 1 ) 

0 

— 

—. 

— 

A p ( 1 . g.-mol.-- 1 sec. -1 ) . 
A t (1. g.-mol.- 1 sec. -1 ) 

5 X IO 5 

TO® 

— 

— 

— 


The figures given in Table XIII show some consistencies between the co¬ 
efficients and activation energies for the different monomers. Allowing for 
temperature differences, the propagation rate coefficients are reasonably con¬ 
sistent and decrease in the order vinyl acetate > methyl methacrylate > styrene. 
The values of k t except for styrene, show less agreement. Propagation in each 
case requires an activation energy of about 5 keal. f termination on the othei 
hand is activated only slightly or not at all. The temperature-independent 
factors are in reasonable agreeme^fy giving an average value for A t /A p of 6 x io*. 

From work on the composit.on of copolymers, monomer reactivity ratios 


12 
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have been obtained for a large number of two-component systems. 18 By com¬ 
bining the ratios for systems containing methyl methacrylate with the value 
for the propagation rate coefficient for methyl methacrylate, absolute values 
are obtained for the rate coefficients for reaction <?f a methyl methacrylate radical 
with different monomer molecules, as in Table XIV. 

i , 

TABLE XIII.— Comparison of Kate Coefficients and Activation 

Energies 



Styrene 

VinyJ Acetate 

Methyl 

Methacrylate 

Reference 

16 13 

2 19. 

17 (this paper) 

Temperature °C 

30 25 

15*9 25 

0 35*9 

k 9 (1. g.-mol.- 1 sec.- 1 ) 

52-0 187 

770 lioo 

42*7 400 

k t X io 7 (1. g.-mol.- 1 sec. -1 ) 

1*05 0*28 

310 8*0 

0*47 6*8 

lz 9 (keal. g.-mol.- 1 ). 

6-5 

^4*4 

4*4 

E t (keal. g.-mol.- 1 ) 

2*8 

0 

0 

A p (1. g -mol.- 1 sec. -1 ) 

I X IO 6 

2 X IO* 

5X io 8 

A t (1. g.-mol.- 1 sec.- 1 ) 

3X 10 8 

3 X io 9 

io 8 


If the monomer reactivity ratio of the methyl methacrylate radical with a 
given monomer is a, the rate coefficient for reaction of that monomer with a 
methyl methacrylate radical is given by k v /a. Extrapolation of the plot in 
Eig. 12 gave k 9 - 7*0 x io a 1. g.-mol.- 1 sec. -1 at 6o° C. 

TABLE XIV/— Rate Coefficients for Reaction of Monomers with Methyl 
Methacrylate Radicals at 6o° C 


Monomer 

Monomer Reactivity 
Ratio, a 18 

Absolute Rate 
Coefficient 
(1. g.-mol.-* sec.- 1 ) 

X 10-* 

Butadiene ..... 

0*25 

28*0 

Styrene ...... 

0*46 

15*2 

Methacrylonitrile .... 

0*67 

10*4 

Methyl methacrylate .... 

1-00 

7 *o 

Acrylonitrile ..... 

1*35 

5*2 

Vinylidene chloride .... 

2*53 

2*8 

Vinyl acetate ..... 

20 

o *35 

Allyl acetate ..... 

23 

0*30 
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Chemistry Department, 
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16 Valentine (unpublished). 17 Bamford and Dewar, ref. 1. 

18 Mayo, Lewis and Walling, Faraday Soc. Discussions 1947, 1 • 

19 Swain and Bartlett, J . Atner. Chem. Soc., 1946, 68, 2381. 









DISSOCIATION ENERGIES OF. CARBON BONDS, 
AND RESONANCE ENERGIES IN HYDRO- 
. CARBON RADICALS 


* By J. S. Roberts and H. A. Skinner 
Received 18th September , 1948 

Values of the heats of formation Q f ( R) of a number of alkyl radicals are 
derived from thermal and other data. These are used to compile lists of bond 
dissociation energies X)(R—X), where R=Me, Et, Pr, str.-Pr, tert.-H\i, allyl, 
benzyl, acetyl, formyl, vinyl, phenyl, —C~CH, and — C£EN, and X~H, OH, 
NH 2 , a halogen, or another alkyl radical. Equations are given relating the 
bond-dissociation energy D(\i Y) to the resonance energy in RY and in the 
radical R. The dissociation energies D( R—H) are discussed in terms of the 
theory of hyperconjugation Empirical conjugation energies in RH and R are 
listed. Calculations of the conjugation energies and bond lengths in hydro¬ 
carbons and hydrocarbon radicals are given, leading to £>(R—H) values in fair 
agreement with experiment. Substitution heats of a number of reactions are 
listed and discussed. 


1 . Introduction 

Although few direct measurements of bond dissociation energies in 
carbon compounds have as yet been made, it is possible, as Baughan 
and Polanyi 1 have pointed out, to assess a bond dissociation energy 
D( R—Y) if another. D(R—X), is known and the “ substitution heat," 
Q t , of the reaction 

RY + X -* RX + Y + Q t keal. . . . (1) 

is obtainable from thermochemical heats of formation. Accordingly, 
one can estimate indirectly bond dissociation energies of a large number 
of bonds despite the fact that few absolute measurements have been made. 
The substitution heat in (1) is given by : 

ft - A0,[“] + 4 S ,g] . . . (,) 

where the terms in A Q, measure the difference in the heats of formation 
( Qt) of gaseous RX and RY, and of Y and X, from elements in their standard 
states. The bond dissociation energies D( R—X) and D( R—Y) are 
given by the equations, 

rD(R—X) » &(RX) - Q,( R) - fl,(X) . . ( 3 «) 

\D(R-Y) « Q,( RY) - Q f (R) - Q,( Y) . . (3 b) 

which may be combined to give 

• •« 

The various B(R—Y) values given by Baughan and Polanyi were derived 
by use of eqn. (4), in which the experimental D( R—I) values of Butler 
and Polanyi * served as the known D(R—X) values. Alternatively, 
one could use any known bond dissociation energy, D(R—X), to give 

1 Baughan and Polanyi, Nature , 1940, 146, 685. 

* Butler and Polanyi, Trans , Faraday Soc., 1943, 39 > J 9 - 

339 
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0,(R) in eqn. (3a), and thence substitute into eqn. (3 b) to derive an 
unknown D(R —Y) value. 

A list of 0 /(R) values for a number of organic radicals is presented in 
Table I. These were calculated from the thermal data given in column 
4. and the experimental bond dissociation energies in column 3. The 
values refer to room-temperature conditions (25 0 C). 

TABLE I 


£),(!*) Values in Kcal. Mol.- 1 


Process 

R 

D(R —X) 

< 3 /(RX) 

Qf( R) 

ch 4 -> CH 3 -1- II 

Me 

102° 

17*9 

-32*1 

CjH, -> c 2 lf 6 + H 

Et 

97 ' 5 b 

20*2 

- 25*3 

c„h 8 ->C s H, -1- 11 

Pr 

see.-Pr 

95 ‘ 5 c 

24*8 ! 

-187 

-14-* 

Me X T Me 3 C + 1 

tert.~ Bu 

45 * 

16*3 

“ 3*2 

c,ti 6 ch, -> c.u.ar, + ir 

Benzyl 

7 T 5 f 

— 1 1*9 

- 37*4 

IICO CO -|- H 

Formyl 

2()0 

— 

o *4 

CH3CO -> CO 4 CII 3 

Acetyl 

* 7 ° 

— 

ii*3 

CII 3 . CH --- CIT 2 -v C 3 II # + H 

Mcv Mev 

>G==CH 2 - > >c=ch 2 + 11 

Me/ CIT/ 

Allvi 

78* 

i 4*9 

-30*9 

2-Me allyl 

7 b h 

3*3 

— 20*7 

C 2 H 4 -vC 2 B 3 1 11 

Vinvl 

102 * 

-12*5 

( -b2*5) 

C 2 II 2 C 2 1 I + H 

cn-CH 

1 21 k | 

i - 54 * 2 

( “ 123*2) 

C 6 H 6 -> c 6 h 6 -i II 

Phenyl 

102* 

- 19*8 

(— (>9*8) 

C 2 N 2 -V 2CN 

-CEEiS T 

127' 

73 *b 

(--Too-3) 


(a) Kisliakowsky and v. Artsdalcn, 3 102±2 ; Baughan and Polanyi, 1 102*5 ; 
Patat, 4 102*5 i Stevenson, 6 iot -f 4. 

(/;) Andersen and v. Artsdalcn, 6 09 _:b 2 ; Baughan and Polanyi, 1 97*5 ; 
Steacie and Phillips, 7 95 ; Stevenson, 5 96 -f 4. 

(c) This is an estimate ; Baughan and Polanyi give 95. 

(d) Obtained by interpolation of the O r (E) in the series Me, Et, sec.- Pr, 
tert.-Bu. 

(c) Butler and Polanyi ; 2 Butler, Mandel and Polanyi. 8 
( f ) Szwarc. 8 

\g) Gorin. 10 For a discussion on these values, see Steacie. 11 
\h) Szwarc. 12 

(j) This is an estimate by Laidler 13 based on the experimental work of Taylor 
and Smith. 14 But see Stevenson 15 for a much lower value (92 kcal.). 

( k ) Chert on ; 10 but sec Steacie and Le Roy. 17 

(/) TTogness and Ts’ai ; 18 Robertson and Pease ; 18 G 1 odder ; 20 but see 
White, 21 who quotes a higher value (146 kcal.) for D(NC—CN). 

Values given in brackets are rather uncertain : otherwise the error in the 
quoted values lies within 2-3 kcal. 

3 Kistiakowsky and v. Artsdalcn, J. Chem. Physics, 1944, 12, 469. 

4 Patat, Z. physik. Chem., B, 1936, 32, 290. 

6 Stevenson, j. Chem. Physics , 1942, 10, 291. 

• Andersen and v. Artsdalen, ibid., 1944, 12, 479. 

7 Steacie and Phillips, Can. J. Res. B, 1938, 16, 303. 

8 Butler, Mandel atul Polanyi, Trans. Faraday Sac ., 1945, 41, 298. 

• Szwarc, /. Chem. Physics, T948, 16, 128. 10 Gorin, ibid., 1939, 7, 256. 

11 Steacie, Atomic and Free Radical Reactions (Reinhold, 1946). 

12 Szwarc, J. Chem. Physics (in press). 13 Laidler, ibid., 1947, 15, 712. 

14 Taylor and Smith, ibid., 3939, 7, 390 ; 1940, 8, 543. 

18 Stevenson, J. Amer. Chem. Soc., 1943, 65, 209. 

16 Cherton, Bull. soc. chim. Belg., 1943, 52, 26. 

17 Steacie and Le Roy, J. Chem. Physics , 1944, 12, 117. 

18 Hogness and Ts'ai, /. Amer. Chem. Soc., 1932, 54, 123. 

18 Robertson and Pease, ibid., 1942, 64, 1880. 

20 Glockler, J. Chem. Physics, 1948, 16, 600. 


21 White, ibid., 1940, 8, 463. 
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From the listed £>,(R) values, we have used eqn. (3 b) and available 
thermal data to estimate the D(R — Y) values collected together in Tables 
IIa and IIb. The heats of formation Q f ( RY) used in compiling these 
have been selected from among the best at present available, and are 
listed separately below. In cases where there is reason to suspect that 
the Q f value quoted may be in error by more than 1 or 2 kcal. mol.- 1 , 
an asterisk is placed against the doubtful figure. 


1. Hydrocarbons 

Data for the hydrocarbons were taken from the Selected Values of Thermo - 
dynamic Constants (National Bureau of Standards, U.S.A.), 22 except the 
following : 

-41*2 Brull; 28 X 9 by Wolf. 24 

— 33*2 Parks ; 23 A* 12*7, by Wolf. 

— 28-0 Ref. 26 , and 24 . 

— 20-8 Kistiakowsky. 28 

— 75*8* Quoted by Wheland. 27 


Diphenyl 
Diphenyl methane 
Di benzyl 
Diallyl 

Phenyl acetylene 


2. Alcohols 

Me Oil . 
Eton . 
PrOlI 
Sfc.-PrOH 
fcrt.-BuOH 
Allyl OH 
Benzyl OH 
Phenol 
HCO.OH 
CH a CO . OH 


3. Aldehydes and Ketones 

27-7 
39*8 
46 

5 2 '5 
20*0 


48-10 Rossini 28 

56-27 Rossini 28 

62*19 Rossini 28 

65-9 Parks ; 29 X v by Parks 30 

77-0 Raley el a/. 31 

30-7 Kistiakowsky 33 

25* Stolimann ; 33 X v — 12 kcal. (assumed) 

24* Quoted by Wheland 27 

86*7 N.B.S. 22 Table 23-4 

97-4* N.B.S. Table 23*5 : and A # - * 19 kcal 
(assumed) 


CH3CHO 
EtCHO . 
PrCITO . 
Allyl-CHO 
Ben/aldehyde 
CH3COCII3 

Et . COCH 3 
Pr . COCH 3 
see.-Pr . COCH 
Vinyl-CHO 
CH3CO . CHO 


11 - 2 * 

5 1 ‘75 

58-17 

65-1 

66*8 

20* 

65-8 


(as 


N.B.S., 22 Table 23-4 
N.B.S., Table 23-5 
We have estimated this value 
We have estimated this value 
We have estimated this value 
Quoted by Wheland 27 
Miles and Hunt 34 
Crog and Hunt ; 35 A* -- 8-95 kcal. 
Swietoslawski ; 38 A„ —- 11 kcal. 
Swietoslawski ; 36 X v - 11 kcal. 

Moureu ; 37 X v -- 9 kcal. (assumed) 

Moulds and Riley; 88 A, =- 8 kcal. 
sumed) 

* 0 /(RY) values (kcal. mol.- 1 ). 

22 Rossini, Tables of Selected Values of Chemical Thermodynamic Constants 
(Bureau of Standards, Washington, 1948). 

23 Brull, Gazz. chini. ital., 1935, 65, 19. 

24 Wolf and Weghofer, Z. physih. Chem. B, 1938, 39, 194. 

26 Parks, West, Naylor, Fujii and McClaine, J.Amcr . Chem. Soc., 1946,68,2524. 
28 Kistiakowsky, Ruhoff, Smith and Vaughan, ibid., 1936, 58, 146 ; see also 

Coops, Mulder, Dienske and Smittenberg, Rec . Trav. Chitn ., 1946, 65, 128. 

27 Wheland, The Theory of Resonance (John Wiley, 1944). (The heats of 
combustion quoted by Wheland are taken from an unpublished table of com¬ 
bustion heats compiled by Kharasch and Brown.) 

28 Rossini, Bur. Stand. J. Res., 1934, 189. 

29 Parks and Moore, J. Chem. Physics, 1939, 7, 1066. 

30 Parks and Barton, /. Amer. Chem. Soc., 1928, 50, 24. 

31 Raley, Rust and Vaughan, ibid., 1948, 70, 88. 

32 Dolliver, Gresham, Kistiakowsky, Smith and Vaughan, ibid., 1938, 60, 440. 

33 Stolimann, Z. physik. Chem., 1890, 6, 334. 

34 Miles and Hunt, /. Physic. Chem., 1941, 45, 1346. 

85 Crog and Hunt, ibid., 1942, 46, 1162. 

38 Swietoslawski, /. Amcr. Chem. Soc., 1920, 42, 1092. 

87 Moureu, Boutaric and Dufraisse, J. chim. Physique, J921, 18, 333. 

88 Moulds and Riley, J. Chem.. Soc., 1938, 621. 
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4. Amines 

MeNH. . 


67 

N.B.S.; 88 Table 23-14 

EtNH* *• . 


11*6 

N.B.S. ; « Table 23-43 

PrNH a . 
Allyl-NH a 
tef*.-BuNH a . 


17-2* 

Derived from Thomsen's data *• 


- 6-9* 

Derived from Thomsen’s data 88 


32* 

Quoted by Wheland 21 

Benzyl-NH a 


-15* 

Petit; 40 X 9 — 10 kcal. (assumed) 

Aniline 


— 16-7* 

Quoted by Wheland 27 

HCO .NH a . 


49*o 

Roth ; 41 and X 9 = u-o kcal. (assumed) 

CH s CO.NH a . 


00*9 

Quoted by Wheland 27 

NC . NIJ a 


-27-7* 

Salley and Gray; 48 and (A* -f X t 
13 kcal. (assumed) 

5. Chlorides 

MeCl 


19-6 

N.B.S. : 83 Table 237 

EtCl 


25-1 

N.B.S. : 82 Table 23-35 

PrCl 


297 * 

Derived from Thomsen’s data a * 

Allyl-Cl . 


— o-6* 

Derived from Thomsen’s data 38 

Vinyl-Cl 


-7*5* 

N.B.S. ; 28 Table 23-35 

Chlorobenzene . 


-12*5 

Hubbard, Knowlton, Huffmann 48 

X 9 ~ 9 kcal. (assumed) 

ten.- BuCl 


42*5 

Kistiakowsky 44 

CH,COCl 


59*° 

Carson and Skinner 46 

CNCi 


-345 

N.B.S. ; 22 Table 23-19 

6. Bromides 

MeBr 


8-6 

From data by Bak 44 

EtBr 


13*0 

N.B.S. ; 22 Table 23-40 

terf.-BuBr 

. 

3°'9 

Kistiakowsky 44 

Allyl- 13r 


—12 I* 

Gellner and Skinner 47 

Benzyl-Br 


-15-6* 

Gellner and Skinner 47 

CHjCOBr 

• 

46-6 

Carson and Skinner 45 

7. Iodides 

Mel 


- 2-8 

Carson, Hartley and Skinner 48 

EtI 


11* 

From Thomsen's data 38 

tcrt.-B uT 


16*3 

Ogg 48 

CH-COI 


31.8 

Carson and Skinner 47 

CNl 


-54-6 

N.B.S. ; 22 Table 23-20 

Allyl-1 . 


— 22*0* 

Gellner and Skinner 47 

Benzyl-I 


— 26*4* 

Gellner and Skinner 17 

8. Cyanides 

HCN 


-“31-2 

N.B.S. ; 22 Table 23-13 

MeCN 


— 21-0 

N.B.S. ; 22 Tabic 23-43 

Vinyl-CN 


""43*7 

Davis and Wiedemann 60 

Allyl-CN 


-38* 

Bruylants ; 61 A. — 10 kcal. (assumed) 

Phenyl-CN 


-48* 

Berthelot ; 62 A* — 11 kcal. (assumed) 

Benzyl-CN 


-"43* 

Berthelot ; 62 A, « 11 kcal. (assumed) 

c 2 n 2 ‘ . 


-73*6 

N.B.S. ; 23 Table 23-43 


* Q f ( RY) values (kcal. mol. - 1 ). 

*• Thomsen, Thermochemischen Untersuchungen (Barth, Leipzig, 1882) ; 
also Kharasch, Bur. Stand. J. Res., 1929, 2, 359. 

40 Petit, Ann. chim . phys. 1889, 18, (6), 145. 

41 Roth, quoted in Landolt-Bornstein (1937). 

42 Salley and Gray, J. Amer. Chem. Soc., 1948, 70, 2650. 

43 Hubbard, Knowlton and Huffmann, A.C.S. Abstr. (March, 1948). 

41 Kistiakowsky and Stauffer, /. Amer. Chem. Soc., 1937, 59» i<>5* 

46 Carson and Skinner, J. Chem. Soc. (in press). 

46 Bak, Dei. Kgl. Danske Vid. Sets., 1948, 24, 9. 

4T Gellner and Skinner, J. Chem. Soc. (in press). 

48 Carson, Hartley and Skinner, Proc. Roy. Soc. A, 1948 (in press). 

48 Jones and Ogg, J. Amer. Chem. Soc., 1937, 59» *943- 
80 Davis and Wiedemann, Ind. Eng. Chem., 1945, 37, 482. 

61 Bruylants and Christiaen, Bull. soc. chim. Belg., 1925, 34, 144. 

82 Berthelot and Petit, Ann. chim. phys., 1889, 18, (6), 107. 
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The D(R — Y) values given in Tables IIa and IIb are naturally de¬ 
pendent upon the accuracy of the 0,(R) values given in Table I, Errors 
in Q/(R) enter correspondingly into D(R—Y) : those D( R—Y) values 
based upon an uncertain 0/(RY) are marked by an asterisk. The follow- 
ing Q f ( Y) values in kcal. (taken from N.B.S. ref. * a ) have been used: 

0,(H) - 5*°: 0,10) ~ 29-0; 0,(Br) - 267; 

0,(1) - 25-5 : 0/(OH) - 1 o-o. 

For Q/fNHs) we have used Q,(NH S ) == — 44 kcal., corresponding to Geib's 
value for D{ NH a —H) of 107 kcal. 63 This may be appreciably in error, 
for the experimental values so far reported 54 for the dissociation energy 
D(NH, — H) vary from 117 kcal. to < 103 kcal. The mean bond-energy 
term in NH S is 93 kcal. mol." 1 , and, by analogy with the case of the H s 0 
molecule, one might reasonably expect D(NH 2 — H) to exceed this mean 
value by some 10 kcal. ; Geib’s value seems a fair one to choose from 
this point of view. 


TABLE IIa 

D(R—Y) Values for C—C Bonds (Kcal.) 


R 


-Pr 

.-Bu 


CfH.- * 
c # h 6 ch 2 - 



Me 

Et 

Pr 

sec.- 

Pr 

tert.- 

Bu 

QH 6 - 

C 6 H 6 CH,- 

Vinyl 

Allyl 

-CHO 

-COMe 

-CHECH 

-C=N 

84-4 

82*2 

8o*6 

77*5 

74*8 

go-o 

62 4 

89*7 

62*7 

71*2 

72*6 

111*0 

112*2 

82*2 

80*4 

79*o 

76 *2 

72*7 

88-o 

6o-8 

87*5 

6i*2 

70*9 

72*2 

io8*8 

— 

8o-6 

79-2 

77*4 

74*4 

71*0 

86*0 

59*4 

86*2 

59*6 

70*9 

72*5 

107*4 

— 

77*5 

76-2 

74*4 

70*5 

66*0 

82-9 

— 

83*4 

56-6 

— 

69*5 

— 

_ 

74-8 

727 

71-0 

66-o 

(jo-1 

— 

— 

79*8 

— 

— 

— 

— 

— 

goo 

88-o 

86-6 

82-9 

— 

102-4 

740 

101*2 

— 

80-6* 

— 

117*2* 

122*8* 

62-4 

6o-8 

59*4 

— 

— 

74*o 

46-8 

— 

— 

— 

— 

— 

94*4* 

897 

87*5 

86-2 

83*4 

79*8 

101*2 

— 

102*4 

67*8 

82*1* 

— 

— 

118*8 

627 

61*2 

59*6 

56*6 

— 


-* 

67*8 

41*0 

5i*i 

— 

— 

92*9* 

7i-5 

70*9 

7°*9 

__ 

— 

8o*6* 

— 

82* J * 

5i*i 

— 

54*1 

— 

— 

7 2*6 

72-2 

72-5 

69*5 

— 

— 

— 

-- 

— 

54*i 

— 

— 

— 

III'O 

108-8 

107*4 

— 

— 

117*2* 

— 

— 

— 

— 

— 

— 

— 

111 '4 





122*1* 

94*7* 

iig*i 

93*2* 

— 1 

— 

— 

127*0 


TABLE IIb 


JD(R—Y) Values in Kcal. Mol.- 1 


R 

H 

-OH 

— NH| 

Cl 

Br 

I 

Me . 

102 

yl*2 

82*8 

80*7 

67-4 

55 *o 

Et . 

97'5 

92*6 

80*9 

79*4 

64*0 

52 * 

Pr 

95*5 

92*8 

79 ' 9 * 

77-4* 

— 

—■ 

sec.-Vr 

90-8 

90*9 

— 

• - 

— 

— 

tert.-Bu 

86*5 

91*0 

79*2 

74*7 

6o*8 

45 *o 

Phenyl 

102 

104*8 * 

97 ' 1 * 

86*3 

— 


Benzyl 

77*5 

73 ' 4 * 

06 * 4 * 

— 

48*5 * 

36'5 * 

Vinyl . 

102 

— 

— 

84*0 

— 

— 

Allyl . 

78 

72*6 

68*o * 

59*3 * 

45*5 * 

34*4 * 

CHO . . I 

79*3 

96-3 

92*6 

— 



— COCH3 . , 

80 *5 

97'2 

93*6 

76*7 

62*0 

46*0 

— CN . 

121*1 

* ‘ 

it6*6 * 

94*8 


71*2 


68 Geib, Z. Elektrochem 1938,44, 81; see also, Wicke, Naturwiss ., 1942, Band 
20. 

54 Bonhoeffer and Harteck, Grundlagen der Photochemie (Steinkopff, Dresden, 
1933) ; Terenin and Neuimin, Bull. Acad. Sci. U.R.S.S., 1936, 4, 1. 
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2. Gradations in Bond Dissociation Energies 


In a theoretical discussion given by Baughan, Evans and Polanyi 55 
in 1941, the gradations in bond dissociation energies D(R—Y), down 
a series in which R changes, were attributed to two main causes— 

(a) the effect of changes in the “ radical resonance energy " of the 
radical R; 

(b) the effect of changing ionic character in the bonds R—Y. 

The expression “ radical resonance energy ” was used as a measure 
of the energy stabilisation in the free radical R arising from ^-electron 
conjugation (e.g., as in the allyl radical), and/or from 7 r-hyperconjugation 
(e.g., as described by Wheland 66 in the alkyl radicals). Baughan, Evans, 
and Polanyi's theory is not quite complete, in that it does not take full 
account of other factors (of which, for example, 7r-hyperconjugation is 
perhaps the most important) which might lead to an energy stabilisation 
in the molecule RY itself. 

In cases where the bond R—Y is virtually non-polar, it would be 
sufficient to assess the total delocalisation-energy * in both the molecule 
RY, and the radical R. Representing the total delocalisation energy in 
RY by #(RY), and correspondingly in the radical by #(R), the bond dis¬ 
sociation energy Z>(R—Y) is given as 

D(It--Y) - D 0 (R—Y) + *(RY) - *(R). . . (5) 

In this equation, D 0 (R—Y) is a constant, independent of R, so that 
the difference between the bond dissociation energies D( R x —Y), and 
D(R 2 —Y), is given by 


A D 





( 6 ) 


where the terms in A signify differences. 

Eqn. (6) might reasonably be applied to the hydrocarbons (Y — H), 
but it is questionable that it should hold where the atom or group Y is 
highly electronegative (e.g. when Y ~ Cl, Br, —OH, etc.). When the 
bond R—Y is polar, there is a part of the energy, D(R —Y), to which 
Pauling 68 has referred as the “ ionic resonance energy In an isolated 
A—B bond, this ionic resonance energy is taken as the difference between 
the actual (observed) dissociation energy D( A—B), and a mean of the 
two dissociation energies D( A—A) and D(B— B), and is generally larger, 
the more the two atoms A, B, differ from each other in the property 
broadly described by “ electronegativity In like manner, we might 
expect a part of the dissociation energy D(R —Y r ) to be due to ionic reson¬ 
ance, and possibly to be larger, the greater the electronegativity difference 
between the radical R, and the group or atom Y. We might try to allow 
for this extra ionic resonance energy by adding a term to eqn. (5), thus, 
D( R—Y) - D 0 (R —Y) + *(RY) 4- x<(RY) - *(R), . (7) 

in which ^(RY) is the ionic resonance energy term. 

With this addition to eqn. (5), eqn. (6) correspondingly becomes 



. ( 8 ) 


which is identical with the equation derived by Baughan, 


Polanyi, except for the inclusion of the term in A* 



Evans and 


66 Baughan, Evans and Polanyi, Trans. Faraday Soc., 1941, 37 , 377. 

58 Wheland, J. Chem. Physics, 1934, 2 > 474 - 
, 67 Coulson, Quart. Rev., 1947, 144. 

68 Pauling, Nature of the Chemical Bond (Cornell Univ. Press, 1939), p. 48. 

* tor an account of the meaning of the terms “ delocalisation energy, 
»r- and a-hyperconjugation,” see Coulson. 57 
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It is recognised from general chemical experience that different 
organic radicals R lf R a , . . ., differ from one another in their electro¬ 
negativity and polarisability properties . 69 By analogy with simple di¬ 
atomic systems A —B, one might anticipate that the ionic resonance 
energy terms in RjY and R a Y are not necessarily identical, particularly 
so when the two radicals are widely separated in electronegativity. 

Eqn. ( 8 ) should not, however, be interpreted too literally. The sub¬ 
division of the energy of the R—Y bond into independent and separate 
parts is largely artificial, for the terms in x(KY) and *<(RY) are both 
functions of the electronegativity of Y, and in this sense are mutually 
bound up with each other. 

3. Resonance Energies in Free Radicals 

The term #(R) in eqn. ( 7 ) should measure the total delocalisation energy 
in the free radical R. In the most general case, *(R) might be regarded 
as composed of three parts, 

*(R) «*„(R) + MR) + MR). • • • (9) 

where #„(R) is the ^-electron conjugation energy (or the “ ist-order 
conjugation energy/’ in the terminology of Mulliken #0 ), 

MR) is the 77-hyperconjugation energy, 

MR) ff-hyperconjugation energy. 

In many cases, one or more of the terms in (9) will be relatively un¬ 
important compared witli the others. 

In the important example of the alkyl radicals, where the term in 
x n (R) is zero, approximate calculations of the 77-hyperconjugation energy 
terms MR) have been reported by Baughan, Evans and Polanyi, who 
obtained the values quoted below— 


R-Me 

Et 

Pr 

sec.- Pr 

tert.- Bu 

h n - 0 

7*o 

8-6 

M‘ 1 

2 i 2 kcal. 



Details of these calculations were not given by the authors, so that one 
is unaware of the assumptions made in deriving the figures. There is 
little reason, however, to doubt that the general trend, 

(h n (tert.~ Bu) > h n (sec.- Pr) > h„( Pr)), 

is a sound conclusion, although the absolute values quoted are less certain. 

The important paper on hyperconjugation by Mulliken, Rieke and 
Brown. 60 gives a description of an application of the method of molecular 
orbitals to the calculation of 71-hyperconjugation energies in hydrocarbon 
molecules. We have considered it of interest to apply Mulliken’s method 
to the calculation of these same quantities in hydrocarbon radicals. The 
complete evaluation of a'(R), as given by eqn. (9), is hardly practicable 
at the present time, unless certain simplifying assumptions are made. 

4. Standard Bond-energy Terms. 

The empirical estimation of resonance energies in hydrocarbons de¬ 
pends initially upon a choice of a set of standard bond-energy terms, 
E(C —C), E(C=C), jE(C — H), etc. One then compares the observed total 
energy of formation with the calculated energy obtained by summing 
the E values over all the bonds in the molecule. This procedure in its 
simplest form makes no attempt to discriminate between C— H or C—C 

66 Kharasch and GraffUn, J. Amer. Chem . Soc ., 1925, 47, 1948. 

•° Mulliken, Rieke and Brown, ibid., 1941, 63, 41. 
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bonds which differ in respect of their hybridisation characteristics (e.g. 
sp*, sp 2 , or sp bonding), or to distinguish between bonds differing in their 
immediate environment (e.g. primary, secondary and tertiary C—H 
bonds). Yet it is well known, for example, that the bond lengths and 
force constants of C — H bonds in CH 4 , C 2 H 4 and C 2 H 2 show distinct 
differences from one another and that the force constants of primary, 
secondary and tertiary C —11 bonds arc not identical. The set of C—H 
and C — C bond eneigies described below attempts in a general way to 
make allowance for these factors. 

(a) Tetrahedral, sp 3 -bonds. —The C — C bond in diamond is usually 
legarded as a standard C — C bond : but, as both Mullilcen and Coulson have 
pointed out, the diamond bonds are appreciably strengthened by hyper¬ 
conjugation effects, and the standard bond should be taken as a weaker 
and longer bond than occurs in diamond itself. We shall therefore write 

£(C—C)s/> 3 -— sp* = L/2 - oc . . . (io) 

where L is the latent heat of sublimation of carbon, and a is the unknown 
strengthening per C — C bond in diamond, due to hyperconjugation. 

The term E(C — 11 ) sp* for the standard primary tetrahedral C—H 
bond, is obtainable from the heat of formation of gaseous ethane. The 
heat of formation from atoms ( Q a ) is (2 L 4 332-2) kcal. (we are expressing 
all the bond-energy terms for use at room temperature) : if the net de- 
localisation energy, at(C 2 H 8 ), in ethane, is taken into account, we may 
set up the identity, 

fi.(C,lI.) - 2L + 332-2- E(C-C)sp*-sp* 4- 6E(C— H)sp* + *(C 2 H 6 ). (n) 

Combining eqn. (10) and (n), one obtains 

i:(C—H )sp* = L/4 -f 55*37 4 a/6 — *(C 2 H fl )/6, . (12) 

which may be written in shorter form, by introducing a quantity, 

Y — (a — *(C 2 H 6 )), .... (13) 

as 

E(C -H )sp* - L/4 4 55*37 4 y/6. . . (14) 

Mulliken, Rieke and Brown adopt the view that the E( C — H) term 
values are slightly less for secondary and tertiary C —11 bonds than for 
primary C — H bonds. The reason for this seems far from clear, although 
it may be that it allows for repulsive forces between non-bonded atoms, 
and/or for deviations from pure sp* -bonding. We shall similarly write 
E( C— H) for secondary and tertiary C—H bonds as less than E(C —H )sp* 
by amounts A 4 and A a respectively, without specifying the magnitudes of 
these constants. 

(b) Trigonal, sp 2 -bonds.—From the experimental value 

£>(CH.—H) - 102 kcal., 
and the heat of formation of CH 4 , it follows that 

Qa( CH 3 ) = (L 4 123*9 kcal.). 

There are grounds for the belief that the bonds in the methyl radical 
are trigonal in character (Penney, 01 Voge, 6 *) so that the C—H bonds 
in CH 3 might be regarded as standard trigonal bonds, strengthened 
somewhat by a-hyperconjugation. Writing the net delocalisation energy 
in Cl 1 3 as #(CH 3 ), it follows that 

E(C-U)sp* - LI .3 4 41-3 - *(CH,)/ 3 . . . (15) 

The term E(C^=C) may be obtained by combining eqn. (15) with 
0 a(C 2 H 4 ). The equation is 

0 «(C*H 4 ) -2L4 195*5 kcal.- 4 E(C~H) 5 /> 2 4^(C====C)4^(C 2 H 4 ) (16) 

leading to 

£(C=C) - 2L/3 + 30-3 + 4/3* (CH S ) - *(C 4 H 4 ). . (17) 

61 Penney, Trans. Faraday Soc., 1935, 31, 734. 

82 Voge, J. Chem. Physics , 1936, 4, 581. 
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If it is permissible to assume that the difference (if any) between 
E( C— H)sp* and E(C —H )sp* is matched by a like difference between 
ii(C—C )sp 8 — sp a and E(C-—C)sp 2 — sp a , and also between E( C— C)sp* —sp 3 
and E(C— C)sp 2 — sp 2 , expressions for these latter quantities can then 
be written down. These are given later. 

(c) Digonal, sp-bonds.—If it is assumed (as Mulliken does) that the 
bonds in acetylene are standard digonal bonds, one then has 

E( CEEC) + 2E(C—H)sp = 0 O (C 2 H 2 ) - 2 L + 49*8 kcal. . (18) 
Although eqn. (18) is not sufficient to enable us to write down explicit 
expressions for E(Ce~C) and E[ C—H )sp, it is only necessary to add the 
assumption that the difference between E{ C—H )sp and E(C — Vi)sp z is 
matched by a similar difference between 

E(C — C)sp — sp* and E{C—C)sp*—sp\ 
in order to write down the resonance energies in the alkyl-substituted 
acetylenes. 

From the heat of formation of allenc, one may obtain 

E(C= C), alleno, - 5L/6 - 2*(CH 3 )/3 - £*(C 8 H 4 ) - i*6 kcal. (19) 
The allene C~C bond is not necessarily the same as the ethylene G=C, 
in view of the digonal hybridisation of the central C atom in allene. 

Summarising these various bond-energy terms, we have the expressions 
given in Table III. 

TABLE III 

Standard Bond-Energy Term Values 
f (i) /' ( C —II).s'/) 3 = L/ a 4 . 55.37 | yjh 

\ (ii) E(C—II)s/> 2 I/3 T - *(CH,)/3 

r (m) E(C—C ) sp * — sp * — L/jl -- a 

V (iv) Li (C — C ) sp 3 - sp 2 7L/12 — 14*07 — 701/6 — #(CU 5 )/3 -f *(C 2 H e )/6 

l (v) E ( C- C ) sp 2 - sp 2 - 2L/3 - 28*14 - 4a/3 - 2*(Cir,)/3 f *(C 2 H t )/3 
/ (vi) Zi(C==C) & 2L/3 -j- 30*3 + 4 v(rTl 3 )/3 - *(C 2 H 4 ) 

\(vii) E(CW'), allene — 5L/0 — 2*(CH 3 )/3 — £.v(C 3 H 4 ) — 1*6. 

5 . Empirical Resonance Energies 

Given the set of bond-energy term values listed in the previous section, 
it is a simple matter to derive empirical net resonance energies in saturated 
and unsaturated hydrocarbons from their heats of formation, values for 
which arc now quite accurately known in many cases. For instance, the net 
resonance energy in benzene is derived from 

*(C.H 6 ) = CMC.H.) - Y E ( bonds ) 
or, 

*(C 6 H e ) = 0 o (C 6 H e ) — {6IT (C— H)sp* + 3 E(C=C) + 3 E(C-C) S p*~- s p*} 
at 

^(C.H.) = 37-9 + 4 y + 3»(C,H 4 ) + 3*(C t II,).(20) 

at(C 6 H 6 ) includes the hyperconjugation energy in benzene, in addition 
to the rr-electron or ist-ordcr conjugation energy of the six w-electrons 
of the ring. It is useful to define a quantity *'(C 4 H 6 ), obtained from 
#(C e H e ) by subtracting 3*(C 2 H 4 ) + 3,r(C a H 6 ). In general, for any hydro¬ 
carbon containing n formal O-C bonds, and m formal G=C bonds, the 
quantities x' arc related to the quantities x by the equation 

*'(RH) - *(RH) - w.r(C 2 H e ) - mx r(C 2 H 4 ) . (21) 

In Table IV, a list of x' values is given for a number of hydrocarbons 
and hydrocarbon free radicals. They are all based on experimental heats 
of formation, and might conveniently be referred to as the empirical 
resonance energies (x' values). 
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TABLE IV 

Empirical Resonance-energies ( x ') in Hydrocarbons 


Molecule 


C # H 5 . CH a 
p-Xylene 


i • 3 


Me 


5 





CH 0 



(II- CH 3 (trans-) 


v -.5 .-' ll* 

C 1 12==C H C H==( T r 2 . 

cn 2 =cir— cil-ch.=( 

CU,—C=CII 

cn,- c~c—cn. 
t'.H, • 

w-Propane 
n-Butune 
w-l\*ntane 
Me 3 ci r . 

Mt* 4 C . 

Cyclohexane 
1:3*t'yclohexadiene 
n-i )clane 
Kthvl 
Piopyl 
src.'Vv 
ieri.-B u 
Benzyl 
Allyl 

2-Me allyl 


Ho 


*' (kcal.) 


37-9 + 4 V 
390 + 4 fy 
40-0 + sty 


41-3 + 6 y 


79-0 4 8y 


1027 + 12 Y 
8 i*o -f 9 iv 


41-9 4 - 5 Jy 

0-9 4 - Jy 

1-41 + ty 

-'35 H- Sv 

(2A, — 1*3) + Jy 

5-0 + -Jy 

U*i — i'5) + ly 
3-13 I $y 
5-5 + Sy 

O 

(2A 1 -2*1 4 ) f fy 

(A - 3*88) + *y 

(6A X - 3*4) 4- 2 y 
(Aa -- 2*2) + ty 
~ 0*7 4 - 2y 
(i2A x ii-o) + 47 
(4A1 -- T*o) 4 47 
(i2A x — io*0) 4 - 47 
[CHJ 4 - §7 

[CHJ I- |y 4 - (2A x — o*i) 
[CHJ 4 - 1 7 4 - 4 ,( > 

[CHJ l- 2y 4 - 8*7 

[CHJ + 5 J 7 + 59-1 
[CHJ 4 - 17 + 20*4 
[CHJ + 2y 4 - 23*9 


The reference structures with respect to which the *' values are 
measured are in most cases unambiguous (e.g. benzene) ; the less obvious 
cases include the alkyl radicals, and the allene molecule. For these, 
the reference structures were taken as follows : 

Allene : 4 CH, sp * bonds: 2 G=C (allene) bonds. 

Ethyl; 3 CH, sp* primary bonds : 2 CH, sp 2 bonds : C — C, sp*—sp*. 
sec -Pr : 6 CH, sp * primary bonds ; CH, sp 2 : 2 C— C, sp*—sp L 
tert.- Bu : 9 CH, sp* primary bonds : 3 C— C, sp 2 — sp*. 

Where comparison is possible, a close agreement may be noted between 
the x values of Table IV and the “ resonance energies '* of Pauling— 
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if we were to assume y = o. But there seems no way of deciding from the 
empirical data alone on the probable value of y : and, to proceed further, 
one is forced to make a number of ad hoc assumptions. Mulliken, Rieke 
and Brown have already pointed out that there may be more than one 
particular set of initial assumptions leading to a self-consistent scheme. 
In this respect, the scheme as set out here can make no claim to be either 
more " correct ’’ or less arbitrary than others used previously. 

6. Calculated Resonance Energies 

The method of Mulliken, Rieke and Brown enables calculations to be 
made of the quantities ^(RH) and /^(RH) in terms of the resonance in¬ 
tegrals p co (regarded as a variable with distance, r(C—C)), and p cn 
(assumed to be a constant). The absolute values of p cc and jS CH are chosen 
to give a good fit between calculated and empirical resonance energies in 
a number of selected reference molecules, e.g. benzene and butadiene. 

It is to be noted from Table IV and eqn. (21) that the total net reson¬ 
ance energy, #(RH) in a hydrocarbon includes terms in #(C,H e ) and 
#(C a H 4 ). Neither of these latter can be given a definite experimental 
value, and it is necessary to allot arbitrarily chosen numerical values to 
one, or both, of these two quantities. 

There are some other difficulties that we may briefly mention. From 
the expression for E(C —H )sp* and the heat of formation of CH 4 , one obtains 
a-(CH 4 ) = 4-4 - 2/3y (keal.), . , . (22) 

so that, unless y is given the seemingly impossibly large value of 6*6 keal., 
x(CH 4 ) is not zero. In our view, y is probably a small positive quantity, 
and *(Clf 4 ) is then of the older 3 or 4 keal. Coulson 67 has elsewhere 
remarked that /^(CH 4 ) is necessarily zero, so that the positive value of 
#(CH 4 ) is presumably to be attributed to a positive value of h a (CH 4 ). 


TABLE V. — p co Values at Dteferent C — C Internuclkar Distances 


r(C—C) 


c a 

0 oc 

- dC # /dr 

- dfi [dr 

1*555 

O 

1 4‘ f> 7 

24*8 

0 

66*r 

1 ‘53 

0*21 

n -49 

26*5 

17*1 

69*5 

1-49 

1*50 

7*01 

29-4 

48-5 

74*8 

1*45 

4* 16 

3*44 

32-5 

85-4 

8o*6 

1*41 

8-43 

1*03 

35*85 

128*9 

86*4 

1*38 

12*82 

0*32 

38-5 

166*o 

90*8 

i *34 

20*59 

o -35 

42-3 

222*9 

970 

1*30 

30-77 

2-55 

46*3 

288*7 

103*0 

1*26 

43*78 ! 

7*10 

50*5 

365*1 

109*1 

1*22 

60 • 1 

14*45 

55 -o 

453 *o 

1150 

1*20 

697 

19-3 

57*3 

502*0 

117*8 


In the —CH., radical (as in CH 4 ), the term in h„ is again zero, but it 
does not follow that #(CH 3 ) can be given a zero value. It seems probable 
to us that the terms h a (CH 4 ) and & a (CH 8 ) are similar in magnitude, and 
in this paper we have presumed a value of 3 keal. for #(CH 3 ). But we 
readily admit the arbitrary and rather unsatisfactory character of this 
choice. 

In case of ethane (and higher hydrocarbons) where the terms in A n (RH) 
are not zero, Mulliken et al . assume an identity between #(RH) and h„(RYL). 
How far it is justifiable to do this is open to question, although it is perhaps 
the best one can do at present. The same assumption has been made in 
the calculations given here. 

We have used different values for the resonance integrals p oc and 
from those used previously : P& was taken as a constant, equal to 125 
keal.; p 0Qi assumed to be a parameter varying with the C—C distance, 
had the values listed in Table V. 
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The j8 00 values were obtained by the method of Lennard-Jones** 
from the equation, 

2&0 (r) = A + C t (r) - C d (r), . . . (23) 

where A measures the energy difference between 

E( C—C) and E( C—C )sp* — sp a , 

and C t (r), C d [r) are the energies of compression and/or extension of the 
standard C— C and C=C bonds from their equilibrium length to length r . 
The value of A, as given by our equations for these standard bond energies, 
is 

A — 58*45 4* 2*(CH 3 ) + 4 13 Y 4* — #(C a H 4 ). . (24) 

Perhaps the simplest assumption to make in respect of (24) is that the 
terms in (CH a ). y, *(C*H 4 ) and #(C 2 H e ) mutually cancel, leaving A ~ 58 

kcal. This compares with the recommended 
value of Baughan and Polanyi for the 
energy of the “ second-half " of the C=C 
double-bond. But it is clear that eqn. 
(24) allows a wide choice in the value of 
A, according to the values one may choose 
for the unknowns in the equation. The 
calculations given here are based upon an 
assumed A — 64-5 kcal., to comply with 
our preferred values for the terms y, 
;r(C a H a ) and *(C a H 4 ) employed later. 
There is no special reason, at present, to 
prefer a value for A as high as we have 
taken : except that it does seem to be 
necessary to use a value of A of the order 
62-65 kcal. if the quantity a'(CH 3 ) is as 
much as 3 kcal. 

The compression energies, C a {r) and C d {r) were calculated from Morse 
functions, C — D{c~ a i r -r«) — i} 2 , in which the exponent a was obtained 
from the relationship a -- Vkj2JJ where k t is the bond force-constant. 
The assumed values of k 0 were : 

k e (C —C), sp 2 —^sp z — 4-5 dynes/cm. : k e (C=C) — 7*8 dynes/cm. 

obtained from a smooth plot of k e against r e ( C—C) for various C—C 
bonds, using data of Crawford and Brinkley 64 Bonner, 6 " and Herzberg. 66 
Values of C,[r) and C d {r) in the region r(C.—C) — 1*30 — 1*55 A are given 
in Table V. It should be noted that the equilibrium bond-lengths of 
C—C and C~C assumed here refer to the lengths of the standard bonds, 
and aie not necessarily identical with the observed bond lengths in ethane 
and ethylene. 

The quantities denoted by 8 r in Mulliken's paper (3rd-order conjugation 
energies), measuring the hyperconjugation energy from the interaction 
of quasi-7r electrons in adjacent C—II bonds, and given by 

8 r = 2{V$ 0 (r) + 4/9 “h — 2 Pen) • • • ( 2 5) 

are recalculated with the 0 C p and j8 CH values preferred here in Table VI. 

The calculated conjugation energies in some selected hydrocarbons 
are summarised in Table VII. The inter-relation between the various 
computed quantities, R x , R v and C, which here have the same meaning 
as these same symbols in reference 8() , is simply : 

+ tfy — C. . . , . (26) 

83 Lennard-Jones, Proc. Roy. Soc. A , 1937, 158, 280. 

84 Crawford and Brinkley, J. Chcm. Physics, 1941, 9, 69. 

85 Bonner, J. Amer. Chem . Soc., 1936, 58, 34. 

88 Herzberg, Infra-red and Raman Spectra (van Nostrand, New York, 1945). 


TABLE VI. — 3RD-OKDER 
Conjugation Energies: 
8 f -VAJ.UES 


f (C—C) in A 

6 r in kcal. 

x *55 

2-50 

i '53 

276 

I --19 

3*40 

!‘45 

4*20 


5*io 

f '39 

5* 60 


5*90 

J '34 

7*08 
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The terms in C (measuring the skeleton compression energies), were read 
off for each C—C bond from the curves of C 9 (r) and C d (r) (but see later 
for some modifications to this procedure). 

TABLE VII 

Conjugation Energies and Bond Lengths in Hydrocarbons 


C.—C Bond Distances (A) Conjugation Energies (kcal.) 


Molecule 


Obs 


Computed 


Empirical 




Rx 

R* 

C 

X 

x f 

x'{y « o-6) 

Colt, .... 

i *55 

1-55 | 0-03 

2*50 

2*50 

0*4 

4-6 

0 

0 

c 2 h 4 .... 

i- 33 7 

**34 J: o*oi 

0 

7-20 

0-4 

6-8 

0 

0 

c t n 2 .... 

i* 18* 

1 -2 05 

— 

— 

— 

— 

0 

0 

C.H, .... 

1-398 

1 ’39 :t 0-02 

73’8 

32*5 

3 i '8 

74’5 

40-3 

403 

Butadiene 

(') 1 - 34 * 
( 4 ) 1 - 45 * 

(0 I’ 35 ± 0-02 

(2) x-46±o-03 

ii*8 

I 7’7 

3’7 

25-8 

7-6 

5*8 

Piopyleno 

U) 1*34 
(2} J-52 

(1) (i’ 34 ) 

(2) ( 1 * 54 ) 

4‘44 

10*02 

.•46 

13-2 

i-8 

i ’3 

twns-CH 3 —CH=CH—Cll 3 

(0 1*35 
(2) x*52 

(j) ( 1 * 34 ) 

(2) 1 '53 ±0*02 

8-86 

12*6 

T ’9 

19-6 

3’6 

2-2 

Isobutene 

(0 1*35 
(2) J -52 

(1) ( 1 * 34 ) 

(2) l-S 4 io <>2 

8*08 

12*6 

i -9 

19’7 

3’7 

3 ’i 5 

Alleue .... 

l*32 5 

l '330 

11*2 

ir*2 

0-6 

21-9 

8-3 

? 

CH a —Cc=CH . 

(1) i-ig 
U) J- 46 6 

(1) 1-205 

(2) i ’47 

V 4 

5'4 

2*6 

! 

8-2 

3-6 

3*53 

C H 3 —CEEC—CH a . 

(0 I-I 9 
(2) i- 4 6 6 J 

(1) (1*20) 

(2) i-47±0-02 

io-8 

io-8 

5*2 

16-4 

7’2 

6'3 

Piaretylenc 

(t) i*ig 7 
(2) 1-38* 

(1) J-1Q i 0*02 

12-3 

12-3 

6-9 

17 ’7 

I 3 ’i 

j *13 Lio 


♦ An estimate by Mulliken, Kieke and Brown. 54 


The computed conjugation energies are rather sensitive to the assumed 
C—C bond lengths, the experimental values for which arc in most cases 
uncertain to -Jz 0*02 A. Accordingly, to give greater internal consistency, 
we have used calculated bond-lengths in the computations of the con¬ 
jugation energies. The bond-length calculations were made by the method 
described by Lennard-Jones : 03 these calculations required values for 
the differentials df} c Jdr and dCJdr, which were obtained from the Morse 
curves previously mentioned. Our method of calculation included the 
by no means insignificant effects of 7r~hyperconjugation on the C—C 
bond-lengths.f It was assumed that the C—H bonds remain of constant 
length : this is in accord with the conclusions reached by Mulliken et al. 
on this point. 

Coulson 67 has pointed out that the " atomic radius ” of carbon is 
probably variable with the state of hybridisation of the C atom, so that 
the equilibrium bond lengths of the standard bonds should differ in the 
direction : 

v 0 (C —C )sp 2 — sp z > r,(C — C)sp 2 — sp % > r e (C—C )sp — sp. 

67 Coulson, V. Henri Memorial Vol., Liege (1948). 

t Thus, e.g., the G=C bond-length in ethylene is shorter than the length 
of the standard C==C bond. The ethylene bond-length is calculated from the 
equations, 

11 = o == 2 ^ 

h r dr dr dr * 



where 
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The point is of importance in our calculations of conjugation energies 
and bond lengths, insofar as both C t (r) and dCJdr at a given intemuclear 
separation will differ for two different bond-types, e.g. C—C, sp 3 — sp 3 
and C—C, sp — sp. Strictly, one should construct a family of Morse curves 
for each type of C —0 bond. This we have not done, but have made allow¬ 
ance for the radii changes by an appropriate shift in the zero from which 
C a (r) and dCJdr are measured, corresponding to the following assumed 
standard bond-lengths : 

r,[C — C)sp 3 — sp 3 = 1-585 A r,(C—C)sp 3 —sp* — 1-570 A 

r,(C—C)sp , —sp i = 1-555 A r.(C—C)sp*—sp = 1-55 A 

r,(C — C)sp — sp = 1-510 A 

On the other hand, P cc and dp cc /dr have been assumed to be independent 
of the state of hybridisation of the C atoms bonded together, and to be 
functions of r(C —C) only. 

The agreement between observed and calculated * bond lengths in 
Table VII is quite good. In the single case where the calculated bond- 
length is certainly in error by as much as 0*02 A (i.e. in the acetylene 
molecule) there are special reasons why this lack of agreement might occur : 
this is adequately discussed elsewhere by Robertson and Dunitz. 88 Indeed, 
there is a close agreement between our calculated value (1*183 A) and 
the value (1*185 A) for the pure triple bond recommended by the above- 
mentioned authors. 

The comparison between calculated and empirical *'(RH) values in 
Tabic VII is based upon the following assumed values : 

*(C a H e ) — 4*6 keal. : *(C a H 4 ) = 6*8 keal. : 
a = 5*2 keal. : y — o*6 keal. : ,r(CH 3 ) = 3*0 keal. 

Here, the agreement is by no means exact, although generally within 
± 2 keal. Compared with the agreement obtained by Mulliken, Rieke 
and Brown, our p cc and p CK values are less successful. On the other 
hand the scheme set out here might claim to have attempted a greater 
degree of internal consistency. The removal of the constraint imposed 
on the p co values by eqn. (23), or the replacement of the C,(r) and C d (r) 
Morse functions by other well-chosen functions could, perhaps, yield a 
“ better ” set of p values than those we have used. Whether such ad¬ 
justments are worth seeking seems doubtful, for the assumption of ortho¬ 
gonality implicit in this sort of treatment is perhaps the greatest weakness 
in the method. Recent work by Mulliken and co-workers 60 is highly 
significant in this latter respect, although on the other hand, Wheland 70 
has concluded that the orthogonality assumption is not a serious weakness 
where hydrocarbons are being discussed. 

Table VIII summarises the results of calculations of the bond length 
and conjugation energies in a number of hydrocarbon free-radicals. The 
calculations follow the Mulliken method, and the same Pco and p cn values 
were assumed as in the calculations on the RH molecules. As examples 
of the method of calculation we may quote the case of the ethyl and 
$££.-propyl radicals. 

(a) Ethyl Radical.— R x calculated as a 3-electron problem, involving 
the; free electron on the —CH a group, and the [x] electrons of the quasi- 
»[#]C—H bond in the —CH S group : 

(R» ~ 2{V+ Pic — Pea, 

\R, - 8 r . 

98 Robertson and Dunitz, J . Chem. Soc., 1947, 1145. 

••Mulliken and Rieke, J . Amer. Chem. Soc ., 1941, 63, 1770; Roothan and 
Mulliken, J. Chem. Physics, 1948, 16, 118. 

70 Wheland, J. Amer. Chem. Soc., 1941, 63, 2025. 

* Observed bond lengths are in the main electron diffraction values (see 
Wheland 87 ). Calculated bond lengths given to the third place of decimals are 
more exactly determined than the others. 
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(b) sec.- Propyl Radical. — R* calculated as a 5-electron problem, 
involving the free electron on the > CH, and the [x] electrons of the quasi- 
ir[x]C —H bonds in the two —CH 8 groups : 


TABLE VIII 

Conjugation Energies and Bond-lengths in Radicals 



C—C Bond Lengths 
(A) 

1 Conjugation Energies (kcal.) 
















Radical 


Computed 


Q/(R) 

Calc. 


Calc. 

JRg 

Ry 

C 

X 

jr' 


Ethyl .... 

1 * 49 * 

6*66 

3 * 3 ° 

**95 

8-o 

3-4 

—25*3 

s«\-Pr .... 

i- 49 7 

13*03 

6*60 

3*9 

15*8 

6-6 

-15*8 

tert.- Bu .... 

I * 49 ® 

1930 

9*9 

5*8 

23*4 

9-6 

- 6-5 

Ally! .... 

I ’ 39 ° 

31*0 

11*2 

11*4 

30-8 

19*4 

-35*7 

2Me-allyl .... 

(1) 1*39® 

(2) r*52 

35*o 

14-0 

ii*8 

37*2 

21*2 

-23*4 

CH^5=CH-—CH—CH===CH 2 

(1) t‘37 1 

(2) 1-42* 

47*4 

21*9 

IV3 

54*o 

30-6 

— 44*8 


1413 

660 

2 5*2 

26-5 

64-8 

37*4 

-45*4 

Vinyl .... 

I-28 7 

0 

17-6 

2*2 

15*4 

8*6 

? 

Propargyl .... 

(1) I-JO 6 

(2) 1-38* 

231 

7.9 

9*3 

21-7 

17*1 

-79"/ 

Bemyl (D) (B) 

\_/(A) 

.(A) 1-39 
( (B) i*4i 

1(C) 1.38 
\D) 1-39 

102-8 

38*8 

44*8 

| 96-8 

58-0 

-44*7 


TABLE IX. —Calculated D(R — II) Values 


R 

Q/(RH) 

Q/(R) Calc. 

Z)(R—H) kcal. 

Calc. 

Obs. 

Et 

20*2 

-253 

97*5 

97*5 

S£$.-Pr 

248 

-i«*8 

92*6 

90*8 

tert .- Bu 

3 i '5 

~ 6*5 

90*0 

86*5 

—C.H a —C~CH 

~ 44*3 

“797 

87-4 

— 

—CH,— 

! -ii*9 

“447 

84.8 

77*5 

Allyl ' 

- 49 

“357 

82-8 

78 

2-Me-allyl 

3’3 

“ 23*4 

787 

76 

CH a =CH v 

>CH— 

ch 2 -ch/ 

-25*6 

-44*6 

71*0 


Oh 

~ 32’4 

“ 45*4 

65*0 

— 


The calculated x f value for vinyl is insufficient to allow an estimation of 
D(G—H) in ethylene : it would be necessary to know the absolute strengths 
of digonal C—H and C—C bonds to do this. In case of the allene molecule, 
which yields the propargyl radical on removal of a H atom, we can obtain (from 
the calculated Q t of the propargyl radical) the bond dissociation energy 
D(H g C : C : CH—ft) as 85-2 kcal ** 
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The calculated Q f ( R) values of Table VIII, taken in conjunction with 
eqn. (3), lead to the calculated bond dissociation energies JD(R— H) listed 
in Table IX. 

The comparison of calculated and observed D(R— H) values in Table IX 
shows that the general trend is correctly reproduced, although the absolute 
values do not compare as closely as one might wish. The most serious 
discrepancies occur with D(benzyl—H) and D(tert.- Bu— H), and in the 
former, at least, the experimental value is now well established, so that 
here the calculated value is undoubtedly badly at fault. One could 
perhaps remove these discrepancies by a more suitable choice of 0 values. 
But, in case of the benzyl and allyl radicals, where the bond distances 
are closely similar to those found in the benzene molecule, we do not think 
it would be easy to fit the observed x' in benzene, and in the benzyl or allyl 
radicals, by a mere change in the assumed j3 C0 values alone. Although 
a closer agreement between observed and calculated D{ C—H) values in 
toluene and propylene could be attained by an upgrading of p 00 values, 
this step would then destroy the good agreement between observed and 
calculated values for benzene. 

The comparative failure of the scheme to include the benzyl and allyl 
radicals could be sought in many of the assumptions it has been necessary 
to make, among which two in particular ought to be mentioned. 

(а) The assumption (also made by Mulliken et al., and admitted to be 
rather questionable) that the hyperconjugation energy in the benzene 
molecule may be calculated from h n = 68 r {r = 1*398 A). This leads 
to a calculated value not very different from the sum, 

3 *(C 2 H 6 ) 4 - 3^(^2114)* 

Similarly, in allyl and benzyl the calculated h„ terms (i.e. the R y of Table 
VIII) almost exactly balance with the subtraction (x — x'), so that 
h„ ^ nx(C 2 ll 6 ) -f mx( C 2 H 4 ), 

where n, m are the number of C — C and CrrrC bonds in the reference struc¬ 
tures. In such systems as these, where the ^-electrons are almost com¬ 
pletely delocalised, there is some doubt whether the hyperconjugation 
energies can be assessed by the methods we have used. In particular, 
an erroneous assessment of the hyperconjugation energy in the benzene 
molecule is serious, for it destroys the usefulness of this as a standard 
against which it is usual to calibrate j9 cc values in the region r(C—C)~i*4 A. 

(б) The assumption that it is not a source of error to neglect the 
non-zero values of the orthogonality integrals S. Wheland 70 has 
examined this assumption for hydrocarbons, and concluded it is a reason¬ 
able one to make. But, one might note that Wheland’s calculations were 
not made from the starting-point of a dependence of /3 CC on the distance 


TABLE X 


Molecule 

r(C-C) 

S 

R x (calc.) 

Benzene 

1-398 

0-245 

I>0 7 8 Pto 

Allyl .... 

1-390 

0-249 

°' 4 8 4 P*o 

C 6 1I 5 — . 

I-4I3 

0*24 

1-091 p* 


r(C —C). In Table X we give some results of calculations of R Xi in the 
systems benzene, allyl, and cyclo pentadienyl, based on the bond lengths 
in these molecules given in Tables VII and VIII, and using the S values 
recommended by Mulliken and Roothan. 09 The quantities are listed in 
terms of the new resonance integrals, jSj 0 , appropriate to the case where 
orthogonality is included. 

If we now equate R x (benzene) in Table X, to the same quantity as given 
in Table VII, we obtain f }* 0 (benzene) = 68*5 keal. Assuming a similar 
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variation in / 3* 0 with r( C—C) as is shown by / 3 CC , the values j 3 j 0 (ally]) 
'^'69*5, and p* Q (C 4 H 8 )~ 6 7 kcal. are obtained. This set of values 
leads to: 



R x (Tables VII, VIII) 

R x (Table X) 

Benzene 

73-8 

73-8 

Allyl . 

31-0 

33'6 

c 5 h„— 

66*o 

73*0 


In case of allyl, the inclusion of orthogonality does not make a marked 
difference to the calculated R T , although it is interesting that the difference 
is in the direction required to bring a closer agreement between the ob¬ 
served and calculated bond dissociation energy in propylene. The R m 
value for C 8 H 6 — is more seriously altered by the inclusion of orthogonality, 
(unless the rate of change of jS* c with distance is much sharper than the 
corresponding rate of change in p co ), but until the experimental value of 
the bond-dissociation energy in cyclo pentadiene is known, we cannot say 
which treatment gives the better agreement. However, calculations of 
this sort are not strictly fair, for we should also examine the effects of 
including the orthogonality integrals on the calculated bond lengths. 

In concluding this section we might claim that the main features shown 
by existing experimental knowledge of different D( C—H) values are ex¬ 
plicable in terms of the scheme we have used. But refinements to the 
scheme are clearly desirable, and it may be that one would see more cer¬ 
tainly the direction in which refinements are to be made when more 
numerous and accurate experimental data on D( C—H) values are available. 

7 . The Radicals —CHO and CH 3 CO— 

The low values of 7)(H—CHO) and D(CH 3 CO—II) relative to 
jD(CH 3 —II) and JD(CH 3 CH 2 —H) are suggestive of a large radical reson¬ 
ance energy in the formyl and acetyl radicals. Mulliken, Rieke and Brown, 
commenting on molecules containing the C^-O linkage (acetone, acet¬ 
aldehyde) have previously drawn attention to the fact that theie would 
seem to bo a remarkably large and powerful hyperconjugation effect 
associated with the carbonyl group. The weakness of the C—H bonds 
in formaldehyde and acetaldehyde points to a carry over of this con¬ 
jugation on a larger scale to the free radicals. 

It is possible to formulate a three-electron bond resonance in the radicals 
—CHO and CH 3 CO, 

II—6=6 h— c=6 

(I) (II) 

which would provide a considerable resonance stabilisation of these 
radicals. The chief objection to this suggestion is the theoretical one that 
the three-electron bond does not normally occur between atoms of widely 
different electronegativity. It might be that the superimposition of the 
three-electron bond on to the double-bond already existing in the carbonyl 
group is possible in view of the charge distribution in the carbonyl bond 
itself, which may, in effect, “ remove ” the large electronegativity differ¬ 
ence that exists between free C and O atoms. In any case, we must recog¬ 
nise the existence of a powerful stabilisation in the formyl and acetyl 
radicals, which must lie in an increased binding between the C and O atoms. 

8. Substitution Heats 

Comparing the D(R — Y) values given in Table IIb with a similar 
list by Baughan and Polanyi, there are some new features revealed by 
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our more complete set of data. The trend, noted by Baughan and Polanyi, 
of a fall in D(R—Y) as R changes down the series R=Me, Et, Pr, sec.- Pr, 
tert.- Bu, remains—this fall being most marked in cases where Y = H, 
CH 3 , and decreasing in the direction I > Br > Cl. In case where Y=OH. 
as previously noted, the D(R—Y) values are almost constant. But 
we may now note that this constancy disappears when R is extended 
beyond tert.- Bu to include R=allyl and benzyl. In all cases, D( R— Y) 
shows a substantial fall from the values in tert.-BuY as we pass to allyl- Y 
or benzyl-Y, including the case where Y = OH. We may also note that 
the —NH 2 group behaves in a manner roughly between that of — OH 
and —CJ. 

The variations in D(R—Y) may be expressed in terms of the sub¬ 
stitution heats of the reactions, 


RY + CH 3 CH 8 Y + R + Q $ keal., 


where Q, is the energy difference AD 


rCHj—Y 

L R—Y 


]• 


(29) 


Q t values are listed in Table XI for the series R = Et, Pr, sec.- Pr, tert.- Bu, 
allyl, and benzyl, for R — vinyl, phenyl, —CHO, and COCH 8 , and for 
R= —CN. The main feature of Table XI is the general fall in Q, as we 
pass from Y=H to Y —OH, following the order in which the Y groups 
are arranged. An exception is provided by the —CN radical, whose 
behaviour seems to be quite anomalous. 

_H*-| 

The three terminal columns in Table XI list the quantities AQ,| yJ* 
where 




"CH „—H 


CH,—Y- 


(30) 


for Y—CH 3 , Cl and OH. Referring back to eqn. (8) of §2, it may be 
seen that yj is expressible in the form, 


A 0 .[y] = (A*, + A*)[££ y ] - (A* + A*)[**J. . (31) 


TABLE XI 

Substitution Heats, RY -f CII 3 -► CH a Y -f R 


\ Y 
R\ 

H 

CH, 

I 

Br 

Cl 

NHj 

OH 

HchJ 

«{S] 


Et . 

4-5 

2-2 

30* 

2-8 

i*3 

1*9 

-i-4 

2*3 

3*2 

5*9 

Pr . 

6*5 

3*8 

— 

1*9 

3*3* 

2-9* 

— i-6 

27 

3*2 

7*i 

sec.-Pr 

11*2 

6-9 

— 

— 

— 

— 

0*3 

4*3 

— 

10*9 

tert .- Bu 

15*5 

9-6 

10*0 

Cr6 

6-0 

3-6 

0*2 

5*9 

9*5 

15*3 

Allyl . 

24 

217 

20*6 

21’9 

21-4 

14*8* 

i8-6 

2-3 

2*6 

5*4 

Penzyl 

*4*5 

22*0 

i 8*5 

18-9 

— 

16-4* 

17*8 

2*5 

— 

67 

Vinyl . 

0 

"5*3 

— 

— 

-3*3 

— 

— 

5*3 

3*3 

— 

Phenyl 

0 

-5.6 

— 

— 

-5*6 

“14*3* 

-13-6 

5*6 

5*6 

13*6 

Formyl 

227 

13*2 

— 

— 

— 

-9*8 

-5*i 

9*5 

— 

27*8 

Acetyl 

21’8 

n*8 

90 

5*4 

4-0 

-io*8 

— 60 

10*0 

17*4 

27*8 

C=N 

-I9 -i 

-27-0 

—16*2 


-14-1 

-33*8 


9-0 

-5*o 



The theory of Baughan, Evans and Polanyi omits the terms in Lx from 

[ Hn 

yj is usually positive, requires that, in general. 


A x { 



> Lx 4 
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There is a certain measure of support for this from the empirical fact that 

rHn 

AQ.I yJ h ave the largest numerical values the more electronegative the 

atom or group Y. But it seems to us doubtful that one should put full 
weight on to the A#< terms, and in certain cases there is little question 
that the terms in A# are important. For example, the very large values 


of Y J * n case °* acet y! radical (Y=C1, OH), are certainly 
due, in part at least, to the fact that A*^?^ yJ > The 


bond formulation by the contributio \ from the structure CH,- 


importance of hyperconjugation in acetyl chloride, lepresented in valence 

;/°~ 
^ 01 + 

is generally recognised. 

^ J in case of the —CN radical is particularly 
interesting. Writing out eqn. (31) in full, we have 

An r H i a r CNCl 1 , a r CNCi i a r HCN i a r HCN i / * 
A 0 *LciJ a *‘Lch 3 ciJ + a *Lch 3 ciJ a *'Lch 4 J a *lch 4 J‘ (32 ^ 


Of the four terms in (32), the first is probably negative, for both Cl and —CN 

4 - — — 4 * 

are strongly electronegative in character, and ionic structures CN Cl or CN Cl 
should be of slight importance, whereas in CH S C 1 , the ionic structure 
4- — 

CHgCl is believed to be a major contributor to the resonance in this 
molecule. The second term is certainly positive, due to the importance 
— 4 - 

of the structure N===C==C 1 , which is reflected in the very short C—Cl 
bond length in this molecule. The third term may be negative, in view 
4- — 

of the acidic character, H CN, of HCN, whilst the fourth term is probably 

a small positive one. The argument is purely qualitative, but one may 
note that the large positive term is offset by two negative terms—-which 
are apparently sufficient to render A Q, finally negative. 

In the case of J for the —CN radical, which is a. positive quantity. 

the term corresponding to the first one in eqn. (32), is now positive, whilst 
the second also retains a positive value (compare x' values for CH S —C^H 
and for CH 3 —CH 3 ). In this example, we have two, possibly three, 
positive terms offset by only a single, probably small, negative term. 

These examples illustrate that a full explanation of the gradations 
in R—Y bond energies requires an assessment of the stability of RY both 
in terms of hyperconjugation and ionic character. I11 the special case 
of R—H bonds, one can present a reasonable picture in terms of hyper¬ 
conjugation effects alone : but, in the more general case where the R— Y 
bond is polar, the problem is more complex—and although, here, it may 
be (as Baughan, Evans and Polanyi assumed), the ionic factor is of prime 
importance, it remains to be proved whether or not this is the case. At 
present, we lack a reliable instrument of calculation both of ionic and 
hyperconjugation resonance energies in polar molecules, so that the 
questions remain to a large extent, open ones. 


The authors express thanks to Prof. C. A. Coulson for comments 
and suggestions during the preparation of this paper. 


Chemistry Department, 

University of Manchester , 
Manchester 13. 



TRANSIENT FLOW OF GASES IN SORBENTS 
PROVIDING UNIFORM CAPILLARY NETWORKS 
OF MOLECULAR DIMENSIONS 


By R. M. Barrer 
Received 29 th September, 1948 

A kinetic treatment has been developed for interpreting flow transients in 
a constant volume but variable pressure sorption system in which the equilibrium 
distribution of sorbate between gas phase and sorbent follows Henry’s law. 
The results have made possible an analysis of flow transients in a variety of 
zeolitic media providing uniform capillary networks the channels in which have 
diameters of molecular magnitudes. Both positive and negative temperature 
coefficients in lire relative sorption velocities were observed, the former pre¬ 
dominating. Both kinds of temperature coefficient find a natural explanation 
in terms of the diffusion theory developed, and true energies of activation, E, 
for interstitial diffusion have been obtained. These support the view that a 
periodic potential field is encountered by the diffusing molecule within the 
crystal. Among various crystals the energy E ranged from 12,000 cal./atom 
(Kr) to 2500 cal./mol. (H 2 ). The value of E depends on the radius of the sorbate 
molecule and also on the radius and the valence of the cations Li, Na, K, NH 4 , 
Ca, and Ba in a series of base-exchange mordenites. At the lowest temperatures 
adsorption upon external crystal surfaces became measurable and exerted a 
characteristic intluence, the theory of which was developed, upon the kinetics 
of intra-crystalline flow. By base exchange it was possible to modify system¬ 
atically the character of the interstitial channels of mordenite, and so to produce 
a number of new molecular sieve sorbents with potential uses in separating 
the inert gases from one another or from atmospheric gases. For a series of 
gases in a given zeolite increased relative sorption velocities were in general 
found to be associated with decreasing molecular dimensions and decreasing 
affinities of the gases for the zeolite. Levymte behaved as a molecular sieve 
sorbent rather similar to Ca-mordenite. 


1. Introduction.—Some insight has been gained into the nature of 
interstitial solid solutions of gases in zeolitic crystals and of diffusion 
in such crystals. Important factors include the polarizing power of the 
interstitial cation; 1 > 2 the polarizability and polarity of the occluded 
molecule ; 1 - 2 the dimensions and shape of the sorbed molecule relative 
to those of the interstitial channels ; 2 « 3 * 4 the duration and severity of 
heating and evacuation, depending on a balance between degree of de¬ 
hydration and of lattice collapse ; 4 » 6 « •» 7 and the presence of foreign 
molecules in the interstitial channels. 6 Diffusion rates, in addition to 
being modified by the above factors, depend on the amount of sorbate 
occluded and on the state of subdivision of the crystals. 7 . 8 » • 

1 Barrer, Trans. Earadav Soc ., 1944, 40, 555. 

2 Lowenstein, Z. anorg. Chem., 1909, 63, 69. 

3 Barrer, /. Soc. Chem. hid., 1945, 44, 130 ; Brit. Pat . No. 548, 905 ; U.S . 
Pat. No. 2, 30O, 610. 

4 Barrer and Ibbitson, Trans. Faraday Soc., 1944, 40, 206. 

5 Lamb and Woodliouse, /. Amer. Chem. Soc., 1936, 58, 2637. 

• Emmett and de Witt, ibid., 1943, 65, I2 53 * 

7 Barrer and Riley, J. Chem. Soc., 1948, 133. 

8 Barrer, Trans. Faraday Soc., 194T, 37, 590. 

8 Barrer and Ibbitson, ibid., 1944, 4 °» J 95 - 

3.58 
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Robust anionic framework zeolites—among others, chabazite, gmelinite, 
analcite, mordenite and levynite—provide, when dehydrated, regular 
networks of capillaries of diameters no bigger than those of small mole¬ 
cules ; 8 * l0 * 11 but apart from silica glass, which is permeable to hydrogen, 
helium and neon, 12 there are few substances porous on this fine scale. 
Base exchange reactions described elsewhere 13 made available a series 
of mordenite crystals enriched in the cations Li*, Na+, K+, NH 4 +, Ca ++ 
and Ba ++ . The dehydrated crystals provide uniform capillary networks 
of molecular dimensions and were used in the present investigation of 
flow transients of simple gases in such networks. The present kinetic 
investigation parallels a similar study 14 of sorption equilibria between 
the inert gases and chabazites hydrothermally enriched in Na+, K + , NH 4 +, 
Cs + , Ca ++ , Sr ++ and Ba ++ . Another zeolite, levynite, falls naturally among 
the mordenites studied in this paper, on the basis of its molecular sieve 
and sorptive characteristics. 11 

2 . Experimental. —Synthetic and base-exchange mordenites were 
prepared hydrothermally, and details of preparation are given elsewhere. 18 
A sample of levynite was made available by the courtesy of Dr. Philips. 
Pure gases (H 2 , 0 2 . N„ Ar, Ne, and He) were supplied by the British 
Oxygen Co., as was a sample of Krypton -f 4 % Xenon. Ethane was 
taken from a cylinder, dried and fractionated ; ammonia was prepared 
by a method already indicated.® 

Heterogeneous equilibria and flow transients involving gas-sorbent 
systems were measured using the volumetric method in a double sorption 
system.® The zeolites were outgassed for periods of 4-5 hr. at 300-340° C 
before use, and between runs. 

Results. 

3 . Preliminary Data.—Typical isotherms are shown in Fig. 1 for 
synthetic mordenite and for levynite. All the zeolites examined were 
excellent sorbents of those gases the molecules of which were small enough 
to be accommodated interstitially within the crystal. The isotherms 
are qualitatively of Langmuir type, comparable with those in various 
zeolitic media already investigated. 1 * 9 Isotherms were, however, deter¬ 
mined only incidentally to the kinetic studies to provide further informa¬ 
tion concerning flow transients. 

Since outgassing conditions may modify the rate of interstitial flow, 
the rate of sorption of ethane in a synthetic mordenite was measured 
under progressive outgassing conditions (Fig. 2). Progressive outgassing 
did within limits alter the rate of sorption, but this trend eventually 
ceased, leaving active sorbents. 

4 . Kinetic Laws Governing Transient Flow. — In zeolites the 
diffusion coefficient, D, depends on the sorbate concentration. 7 For this 
reason the charges of gas used were small and did not correspond at 
equilibrium to more than 2 % of saturation, except for levynite where the 
figure was 10 %. In this range of concentration the usual Fick laws 
may be taken to be valid, and, moreover, at least in the higher temperature 
range, many of the sorbates distributed themselves between solid and 
gaseous phases according to Henry’s law. 

Many of the kinetic data initially obeyed the expression, 

&/0OO - k'y/T 

where Q t denotes the amount occluded at time /, and Q& is the amount 
sorbed at equilibrium (Fig. 2). A Vi-diffusion law is known to be valid 
under conditions approaching those in a constant pressure sorption 

10 Barrer, Ann. Reports , 1944, 4L 31* 11 Barrer, Nature, 1947, 159, 508. 

18 Cf. Barrer, Diffusion in and through Solids (C.U.P., 1941), Chap. 3. 

13 Barrer, J. Chem. Soc., 1948, 2158. 

14 Barrer and Riley (in preparation). 



Equilibrium Pressure (cm) Equilibrium Pressure (cm.) 

r. ia.*—Typical isotherms obtained using Fig. i b .—Typical isotherms obtained 
synthetic sodium mordenite as sorbent. using levynite as sorbent. Ordinates: 

Isotherms for NH 3 were obtained on cm. 8 sorbed at n.t.p. per g. 

one sample and all other isotherms on a 
second sample. Ordinates: cm. 8 sorbed 
at n.t.p. per g. 



bio. 2. Influence cf outgassing conditions upon the rate of occlusion 
of C 8 H, by vsynthetic sodium mordenite. 

Curve i : 3 hr. outgassing at 225 0 C. 

Curve 2 : As curve r -f 2 hr. outgassing at 270° C. 

Curve 3 : As curve 2 + 7 hr. outgassing at 287° C. 

on. • -4- 1 , Cmve 4 : As curve 3 + 4 hr. outgassing at 287° C. 

The initial dose of C 8 H e corresponded in each run to 3-36 cm. at n.t.p. 
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process, 4 * 7 but its theoretical interpretation and range of applicability in 
a constant volume but variable pressure sorption system is not known. 
This problem is therefore considered in Appendix II, where it is shown that 
a V Maw again arises in the equivalent forms : 



where D denotes the diffusion coefficient, t is the time, a the radius of a 
sphere of the sorbent and A is the surface area of the sphere ; k is the 
distribution coefficient of the sorbate between the gas phase and the sorbent,* 
and K -- VJ VJi t where V g is 1 lie volume of the gas phase and V s the volume 
of the sorbent. Q 0 is the quantity of gas initially in the gas phase, and 
the sorbent is regarded as being free of sorbed gas when t =*= o. 



Z 4 6 8 fO /Z /4 16 


Fig. 3.—-Representation of transient flow by eqn. (2). 

Curve 1 : Neon in Li-mordcnite at — 185° C. 

1 jK ---- 2*50 ; y'Dja =•= 0*285. 

Curve 2 : Neon in Ca-mordcnite at — 185° C. 

1 jK =- 2*54 ; y'D/a 0*0214. 

Curve 3 : Krypton in Ba-mordenite at 24 0 C. 

1 jK = o*80 ; y D/a — 0*0122. 

Curve 4 : Krypton in Levynite at o° C. 

IIK 0*90 ; yD/a -- 0*00273. 

O — Experimental points. 

X = Points calculated from eqn. (2). 

The VF-law illustrated in Fig. 2 may be extended by using eqn. (n), 
Appendix II: 

^ =(X + i)|i - ^-^ae-* 8t (i+erfaVr)-j8e-^(i+erf/3Vr)J|, (il) 
where a and p are the roots of x * — 3 x/K — 3 /K = o. Fig. 3 shows the 


cone, in the sorbent 
cone, in the gas phase * 


and the equations apply to the case where 


Henry's law governs the distribution of gas between sorbent and gas phase (see 
Appendix II). * * 
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accuracy with which eqn. (ti) may describe the full course of curves of 
QJQoo against V 7 in favourable cases. There are, however, reasons 
which have been considered in Appendix III why in real sorption systems 
as distinct from an idealised one, departures from eqn. (n) may occur. 
For example, one very characteristic deviation is caused by nearly 
instantaneous van der Waals adsorption upon external surfaces of the 
crystallites (as distinct from occlusion within them), which leads to a 
" foot ” in the curves of QJQoo against V 7 (Fig. 4). It is quite possible 



Fig. 4.—Some relative sorption rates in Ca-mordenite at — 185° C and 
— 78° C. At — 185° C the less easily condensed gases He, H 2 and Ne 
show no “ foot " in the rate curves, but the more easily condensed 
gases show “ feet " due to adsoqition upon external surfaces of the 
powder. Intra-crystalline diffusion for O a , N 2 , and A is, however, very 
slow. At — 78° C the “ feet " have almost disappeared, and intra- 
crystalline diffusion rates are much increased. 


to calculate the magnitude of the foot, as has been done in the Appendix III. 

5 . Temperature Coefficients of Flow Transients. —The relative 
occlusion rates for the most part increased with increasing temperature ; 
but a notable feature was that sometimes negligible, or even well-defined, 
negative temperature coefficients were observed (Fig. 5 a, b, c and d ). 
Positive temperature coefficients accord with an activated interstitial 
diffusion process as already observed in a number of gas-zeolite 
systems. 8 * 4 * 11 One may define an apparent energy of activation, E at 
by the relation 


; In 


d( 0 ,/ 0 eo) _-E. 


WT) d Vt 


in the region where the V /-diffusion law may be used. A number of 
values of E a have been so determined, 10 but the negative temperature 
coefficients now reported would be associated with a negative value of 
E a , and emphasize the need for a method for determining the true energy 
of activation E. Such values will then give an accurate picture of the 
energy periodicity along the interstitial channel. Negative temperature 
coefficients are possible even for activated diffusion because a rise in 
temperature may reduce the interstitial density of sorbate molecules 
more than it accelerates the diffusion of any given molecule (cf. Fig. 9). 
Considering only data where adsorption upon external surfaces of the 
zeolite does not occur appreciably, in which the occlusion isotherm follows 

Henry's law, and for which the V/-law is valid, one may combine the 
relation 


D = D Q e-EIUT . 


• (1) 
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with eqn. (14), and thence obtain 

f go — Qco ) 

w 1 dVF x Z0o_i 

--goo ) 

go Jr, 

This relation serves to give the true energy E with some accuracy, and 
was applied to a number of appropriate data. The results are summarized 
in Table I, which also gives relative values of D , determined from eqn. (14) 
for various gases in a given sorbent. 

TABLE 1. —True Energies of Activation and Relative Diffusion 
Constants for Flow in Crystals 


fWtJM x 2* 

I. dV l 


Ti . 


2-303 X 2 


{r, tJ 


( 2 ) 


Crystal 

Gas 

Relative Value of D 

True Energy of Activa¬ 
tion E (cal./mol.) 

Li-mordcnite 

Kr 

I (— 7 k° c) 

7,600 


A 

240 (— 78° C) 

7 > 3 «o 

NH 4 -mordenite . 

Kr 

1 (16° O) 

y,ooo 


A 

90 (16 0 C) 

7,000 

Na-mordenite . 

Kr 

1 (20° C) 

11,000 


A 

IIO ( 20 ° C) 

9,300 

K-mordenite 

Kr 

I (-78° C) 

10,000 


A 

130 (-78° C) 

8,400 


N, 

510 (-78° 0) 

4,800 


o. 

1,100 ( -78° C) 

4,400 


H. 

2,600,000 (—78° 0) 

2,500 

Ba-mordenite . 

A 

I (-78° C) 

9,800 


n 2 

(.0 (-78° C) 

6,600 

Ca-mordenite 

A 

1 ( — 78° C ) 

11,500 


n 2 

9 (-78° C) 

8,100 


^2 

650 ( 78° C) 

— 

Lcvynitc . 

Kr 

I (-78° C) 

12,000 


A 

170 ( — 78" C) 

9,400 


n 2 

260 (—78'' C) 



No 

‘ 

2,600 


Relative values of D give a good idea of the magnitude of the molec¬ 
ular sieve effects found. As the temperature is lowered further, the 
relative values usually diverge still more, often very greatly. 

The value of E depends in a striking way upon the radius of the inter¬ 
stitial cation in a series of base-exchange mordenites. For the mono¬ 
valent cations lower values of E are associated with both large and small 
ions (NHJ and Li+), and the largest value of E occurs with an ion of 
intermediate size (Fig. 6). The maximum in the curve of E against 
ionic radius indicates that two factors must act in opposition. One sug¬ 
gestion is that the larger the ion the more deformable or softer it becomes ; 
but on the other hand when undeformed it blocks the interstitial channel 
more completely than a small ion. If this view is correct, E must be 
associated partly with sorbate-cation interaction. In the transition state 
for each unit diffusion process the sorbate molecule squeezes between 
the cation and the anionic oxygens of the “ wall ” of the channel. This 
in turn must press the cation against the opposite “ wall.” * 


* That equilibrium sorption sites are in close association with the cations 
has already been indicated. Thus the affinity of gases for some base-exchange 
mordenites is in the same order as the polarizing power of the cations. 1 
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Fig. 6 shows that divalent cations give a different curve of E against 
ionic radius from monovalent cations. A possible reason may be offered. 
Since each divalent cation replaces two monovalent ones, the number 
of occupied sites will be reduced to half the original number when exchange 
is complete. In order best to neutralize anionic charge, each divalent 
cation may be placed intermediate in position between two original mono¬ 
valent cation sites. It will, in general, then offer a different resistance 
to sorbate diffusion. 

Inset in the same figure the true energy of activation E for diffusion 
in if-mordenite is plotted against the radius of the smallest cross-section 
of the sorbate molecules (see § 6). There is clearly a relation between these 
quantities which is qualitatively compatible with the view given above 
of the transition state in each unit act of diffusion. 

6 . Molecular Sieve Properties of the Crystals.—There are two 
ways of considering the relative rates of intra-crystalline flow. Firstly, 
one may compare the relative sorption rates of a given gas in a series of 
the sorbents, as in Fig. 7, and secondly, one may consider these rates for 
different sorbates in a given sorbent (Fig. 8). Only a few of the results 
are shown graphically, but the actual rate sequences are more fully 
summarized in Tables II and III. Both tables reveal a fairly regular 

TABLE TL— Relative Rates of Intra-crystalline Flow of a given Gas 
in a Series of Crystals 


Gas 

Temperature ° C 

Kr ... 

-78 


20 

A . 

~ 7 « 


20 

Ne 

■T «5 

n 2 

- T 85 


-78 


20 

o 2 . 

; 

- TS5 
“ 7 » 

H a 

-i «5 


-78 


Relative Rate Sequence for Various Crystals * 


NH 4 >Li _>Na> K 
N 11 4 > Li > N a > Ba > K > Lev > Ca 


Li> NTT 4 > Nli> Ba> Lev> Ca 
Li > N H 4 , Na > Ba ^ 1 .ev > Ca 


Li > Ba > K > 1 A‘\ > Ca 


Li>NM 4 >Ba>Ca, K 
Nil 4 , Ba>Lcv>Ca 
NH 4 , Ba;>Ga 


NH 4 , Li, Ba>Lev>Ca>K 
T .i > Ba > NIT 4 > Ca > K 


Na, Li'> Ba>Lev>Ca>NII 4 > K 
Li>NU 4 >K 


* Li = lithium-rich mordenite. Na — sodium-ricli mordenite. K = potas¬ 
sium-rich mordenite. N 1 I 4 - ammonium-rich mordenite. Ba --- barium-rich 
mordenite. Ca : - calcium-rich mordenite. Lev - levynite. 

pattern of results, modified by some exceptions. Table II shows that 
Li, NH 4 and Na mordenites present more accessible capillary networks 
than do Ca and K mordenite or levynite, while Ba mordenite is in an 
intermediate position. Among factors determining such sequences are 
the particle size, modified resistance to interstitial diffusion produced 
by base exchange and variations in the affinity of the gas for the minerals 
(Fig. 9, Appendix II). 

The effect of the varying affinity of a given gas for a series of sorbents 
may be eliminated by determining the quantity D/a 2 (a being the mean 
particle diameter). For the flow of argon at — 78° C the results in Tabic 
IV were obtained. The great range in values of D/a 2 among the sorbents 
makes it unlikely that variations in the particle diameter alone can account 
for it. A large part of the variation may reasonably be ascribed to 
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modifications in intra-crystalline mobility of the sorbate due to base 
exchange of the sorbent. 

TABLE III.— Relative Intra-crystalline Rates of Flow of various 
Gases in a given Molecular Sieve Zeolite 


Crystal 

Temperature (° C) 

Order of Relative Rates (for a given Time Interval) 

Li-mordenite . 

— 185 

H 2 , 0 2 >N 2 >Ne> A 


-78 

0 2 , N 2 >A>Kr 


20 

0 2 , Ng> A> Kr 

Na-mordcnite 

-185 

0 2 , H 2 >Ne>A 

(syntlict ic) 

-78 

A> Kr 


20 

A> Kr 

K-mordemle . 

--185 

h 2 > o 2 >n 2 > a 


-78 

1I 2 >0 2 >N 2 > A>Kr 


20 

C) 2 , N 2 > A> Kr 

NII 4 -mordcnile 

-185 

llg, 0 2 >N 2 > A 


-78 

H 2 >t) 2 , N z > A> Kr 


20 

0 2 > N 2i A> Kr 

Ca-mordenite . 

-185 

He> 1 T 2 >Nc > 0 2 >N 2i A 


-78 

O a > N 2 > A 


20 

N 2 > A> Kr 

Ba-mordenite 

-185 

He> H 2 , O z > Ne> N 2 > A 


-78 

o 2 >n 2 >a 


20 

N 2 > A> Kr 

Levynite 

-185 

H a , 0 2 >Ne>N 2 >A 


-78 

N 2 > A> Kr 


20 

A> l\r 


In Table III the relative sorption rate sequences are independent of 
the fineness of subdivision of the sorbent. Marked molecular sieve 
effects arise, and in any one zeolite the velocity sequence which tends to 
be preserved is 

Kr < A < N t < O a , Ne < H* < He 

TABLE IV.— Dja? (in Min.- 1 ) for Argon at —78° C in a Series of Crystals 


Crystal 

D/a» 

Ca-mordenite .... 

1*51 X IO”* 

Levynite ..... 

7-6 X io” 7 

K-mordenite .... 

2-8 x io-* 

Ba-mordenite .... 

5-5 X io”* 

Na-mordenite .... 

3*8 x io” 4 

Li-mordenite .... 

4*0 X io” 4 

NH 4 -mordenite .... 

i*35 X io”* 


although some exceptions occur. The relative affinities of the gases for 
synthetic mordenite and levynite (see Fig. 1) are 

Kr > A, N a , O* > H, > Ne > He (in Na-mordenite) 

0 8 > H a > Ne > He (in levynite) 

and similar series are found in chabazite and other zeolites. 1 * 18 Thus 
14 Barrer, Ptoc, Roy. Soc. A, 1938, 167, 392, 406. 
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the greater the affinity of the gas for the zeolite the less easily does inter¬ 
stitial flow occur. That is, the increase in the rate of flow due to the higher 
affinity of a sorbate for the crystal, as shown in Fig. 9, is more than offset 
by the decrease in intrinsic mobility. A consideration not previously 


Li-mordeoite Li* and Ba* mordemte 

✓ ✓ 



Fig. 7. —Relative sorption rates of each of several sorbates in levynite and in 
a series of mordenites modified by base-exchange. A great measure of control 
over the sorption rate can be exercised by a suitable choice of base-exchange 

mordenite. 

referred to here, which must modify mobility in a channel that sheathes 
the diffusing molecule closely, is the shape and dimension of the molecule. 
Dividing the sorbates into two groups depending on their shape one has 

(i) Spherical atoms: Kr A Ne He 

(3‘94) (3*84) (~3*2o) (~2-o) 

(ii) Dumbell-shaped molecules : N, O, H t 

(3.0) (2.8) (2-4) 
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There are now no exceptions to the order of the sorption rates in each 
series considered separately. The figures in brackets are the diameters 
of the spherical noble gas atoms, and the cross-sectional diameter normal 
to their long axis for the dumbell-shaped molecule. 16 Recombining the 
series (a) and ( b) in descending order of these dimensions then gives a 
reasonable guide to the actual sorption rate series (neon and oxygen 
sometimes giving interchanged rates). 



Fig. 8.—Examples of the molecular sieve action of Ba- and Ca-mordenites 
towards different simple gases, as expressed by selectivity in the rates of sorption 
at — 185° C and — 78° C. For other examples sec Fig. 4. 

7. Discussion.—The results obtained indicate that one may prepare 
artificially a much greater diversity of molecular sieves than has pre¬ 
viously been realised, 3 * 10 a range of such products being possible, within 
limits set by a given anionic framework. An interesting practical aspect 
of these sorbents is the possibility of using them to separate the inert 
gases from one another or from oxygen, nitrogen and hydrogen. At 
the lowest temperatures (—■ 78° C, — 185° C, and — 195 0 C) great differ¬ 
ences in sorption rates occur among appropriately chosen gas pairs. 
Many possibilities of resolving gas mixtures occur. At — 183° C, Ba- 
mordenite sorbs Q 2 , Ne and H 2 rapidly, and N 2 and A only slowly; 
Ca-mordenite sorbs 11 2 and He rapidly, and N a and A slowly ; while 
levynite sorbs Q 2 , H 2 and 11 2 rapidly and A slowly. Similar large differ¬ 
ences in rates suggest that Na-mordcnite could resolve A—Kr mixtures 
or Ca-mordenite resolve O a —A mixtures. Many other possibilities arise. 

‘ Appendix *1.—Sorption Kinetics in a Constant Volume Variable 
Pressure System 

Occlusion of a fixed quantity of gas released at time t — o into a fixed volume, 
wheie it is sorbed by a zeolite in the form of a powder of spherical particles, 
can be treated by methods recently developed in dealing with heating or cooling 
of splicres in a stirred fluid. 17 » 18 

We will consider first a single sphere of sorbent of radius a, and then generalize 
the result for a powder of small spheres. Let V g denote the volume of the gas 
phase, and V t the volume of the sorbent. At t --- o, Q 0 — u 0 V 9 of gas is released 
into the volume V g in contact with sorbent, where w 0 is the initial gas phase 

16 These dimensions for the inert gases Kr, A, Ne are the closest distance of 
approach between atoms in their crystals (Slater, Introduction to Chemical 
Physics (McGraw Hill Book Co., 193b)# p. 416). For He an approximate figure 
given by Melville and Farkas, Experimental Methods in Gas Reactions (MacMillan 
and Co., 1939), p. 2) is used, and for N a , Q 2 and If 2 , the van der Waals' atomic 
radii are taken (Pauling, The Nature of the Chemical Bond (Cornell Univ. Press, 
1940), p. 189). 

17 Paterson, Proc. Physic. Soc., 1947, 59, 50. 

16 Carslaw and Jaeger, Conduction of Heat (O.U.P., 1947), p. 205. 
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concentration of sorbate. The general isotherm relating the concentration be¬ 
tween gas phase concentration of sorbate (w) and sorbate concentration (v) in the 
sorbent is 

ktU . . 

—— = v, .(i) 

i -f~ k^u 

but the diffusion problem can be solved only for the two limiting cases 

k x u = v (Henry’s law) .... (ia) 
k l /k t — v (saturation of sorbent) . . . (ib) 

Solutions corresponding to (i b) are well known (cf. eqn. (16), Appendix II) ; 
we are interested in solutions corresponding to (i a). 

The boundary conditions are : 


B(rv) _ DV(rv) ^ 


r < a < o ; t < o. 


v =s v 0 for a < r < o, t = o,') 
v - k x u at r ss a, t > o, V . 
u -- u 0 for r > a, t o, J 


= o, at r = «, / > o. . . . (4) 

We now define a quantity K x by 

K, = VgKk^V,) .(5) 

It is then possible to proceed by standard methods to show that after a time 
interval 


1 P?" 1.,, l4. 6a /v° a-,, \y sina '”’' 

i'Crlv, + v °] + t[ v, ~ 


x - 3 * T i>_ (6) 

x v(A- l + 1) + ( 1 


and where a lw is the nth positive root of the equation, 
♦ .no,* 3 tf«i 


tan oqa 


3 + A>»a* • ‘ 


In the gas phase the concentration » follows from (C) where r — a. since 

»i fj/Aj ; 

„ _ _ 1 _rs? , „ 1 , l/y? is .. \ V exp (- q^T,) 

1 (AT+’DA.L I'. “J + A, l 1 7 -t. 9 (A-, + Iff oc,*«*A’i • ( ) 

Q v the quantity of gas remaining unsorbed after time t v is simply V g x u v while 
Q t , the quantity sorbed, is 

60 4 - v 0 V $ - Q v 

The important special cases of eqn. (6) and (9) where the sorbent was 
initially gas-free are applied in § 4 to suitable data (where sorption approximately 
followed Henry’s law). 

The solutions obtained can be generalized from the single sphere to a powder 
of spherical particles all of the same size, N in number. In this case if v t is the 
volume of a single small sphere, V 9 ~ Nv g . For each such particle of radius a, 
the boundary condition (4) for example, becomes 

V g Su Bv 

^- + 4 *a?D lS? = o.<4°) 

since the behaviour of each sphere is as if it alone were enclosed in a volume 
V g jN of the gas phase and left to come to equilibrium with the gas. Eqn. (6) 
to (9) then refer to each separate particle on replacing V g by V g /N ; V $ by v g ; 
and a by a v The total amount sorbed is then N x (the amount sorbed by a 
single particle). 
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Appendix II.—'The Validity and Range of Application of a Vj^Law 
in a Constant Volume Sorption System 

When Vq =-- o, eqn. (6) leads to the following expression for Q t /Q<x> in a constant 
volume system where at equilibrium occlusion follows Henry's law : 




exp (- o*r) 

’ + !) + a*a*A’ 8 ' 


where r - Dtja 2 . The series in eqn. (^o) is only slowly convergent for small r 
and cannot readily account for the VV-law. A solution alternative to eqn (io) 
can, however, lx* used : 15 


^ (K h i)|i - + er * av/T ) — 0e~^(i -f erf j8Vr)J} , (n) 

where a and p are the roots of the equation, 

x 2 -- $x/K — 3 /K — o, . . . (12) 

Both exponentials and error functions can be expanded as series and for small 
values of Vt/K only first terms need be considered, to give 

^ - - (A- + i)(«(aH p )J T - + (a* + a (9 + j 9 *)r -f 2(«* + /P)(a + p) 7=} (13) 

"(* + i) T + b {-R-* + i)vi}- • • • (,3fl) 

For small enough values of Vt/K the first term in eqn. (13) or (13a) is dominant, 
and the V t law is valid. This law takes the following equivalent forms : 

• 2 l = 6 < A ' + 0 F 

Qoo K V > 


• (> 3 «) 


J 6 1 < + 1 I Dt 
~ a K *1 n 

- ( 6 , / 5 < 

■ U + V, )*1 t, 


f > Qo Dt 
* (Co — Qoo)*j it ’ 

J 

where A is the external surface area of the sorbent, and 


i/K = kVJV, 

(cf. Appendix I) and so is proportional to the distribution coefficient k of gas 
between gaseous and solid phases.* Thus the physical significance of the initial 
slope of curves of Q t /Qa d against Vt (Fig. 2) differs from that in a constant pressure 
system where f 


Ql = Av* U* 

QOO QoO V 7T 


(I 4 a) 


and, as we have shown for sorption at constant volume, permits the evaluation of 
true energies of. activation for diffusion (§ 5). 


Eqn. (11) lias been used to calculate Q t /Qoo when the V t law is no longer valid, 
and Fig. 3 shows that it is possible to describe the whole course of the experimental 
QtJQoo against Vf curves with some accuracy in favourable cases. In Fig. (9) 
are shown curves of Q t /Qoo against 1 /K for various fixed values of r, again cal¬ 
culated from eqn. (2), the purpose of which is to show that the rate of sorption 
increases greatly as the Henry’s law distribution coefficient rises, for fixed values 
of D. The importance of this is referred to in § 5 and 6, 


* j//v is very easily calculated from experimental data, since 
J_ — Qoo _ Amount of gas i n zeolite 
1 K (Qt ~ Qoo) Amount of gas not sorbed * 

t’ v e * s initial concentration just within the surface of the sorbent as before, 
but is now constant for the duration of the experiment. 
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Appendix III. -Deviations from the “Ideal” Kinetic Laws 

Departures from the V Maw and from eqn. (10) and (n) were found over a 
range of values of Q t /Qoo , and might be ascribed to several causes— 

(a) Heterogeneity in size of sorbent particles. This heterogeneity 
was unavoidable to some extent. In many cases, however, it was not sufficient 
to invalidate the V Maw, or the successful use of eqn. (i i) for a number of systems, 
as the results of § 4 clearly show. 

(b) Deviations from a Henry’s law distribution of gas between 
gaseous and solid phases. The occlusion isotherm is of Langmuir type 
(Fig. 1) so that, in the notation of Appendix I, 


v ~ 


k x u 

1+ k t U * 


(15) 


where k x and are constants. At high pressures and lower temperatures v x , 
the interstitial sorbate concentration, then becomes independent of its gas phase 
concentration, u, giving saturation of sorption just within the ingoing surface. 
Then 


00 

1 - ^Z;f« exp ( ~ wVt > • • < i6 > 

H mm 1 

to which, for small t, eqn. (14a) corresponds. Conditions for eqn. (10) are for 
the permanent and noble gases only likely to apply at the lowest experimental 
temperatures, but the possibility remains that then sorption may commence 
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according to eqn. (16) or (14a) and change as the pressure falls to one obeying 
eqn. (10) or (11). No exact solution of the diffusion equation has been obtained 
for the general boundary condition of eqn. (15). 

(, c ) Surface adsorption as distinct from occlusion. Adsorption upon 
external surfaces of the powder has two effects upon the kinetics of occlusion. 
Adsorption corresponded in extreme cases to about 1 cm.* at n.t.p. of gas, com¬ 
pared with an initial total gas charge of about 4 cm. 8 at n.t.p. Adsorption, 
unlike occlusion, was always virtually instantaneous, and therefore gave rise 
to a “foot" in the curves of Q t /Qao against Vt, illustrated in Fig. 4. The 
second influence of adsorption is upon the slope of these curves. At any moment 
conservation of mass gives 

Qo = 0, + Q a + Qt .(17) 

where Q 0 , Q g , Q a and Q t are amounts of gas initially present in the gas phase, 
present in the gas phase at time t, and adsorbed and occluded at time t, respec¬ 
tively. The adsorption isotherm is given by 


Qa 


8 g, 

* + yQ, ’ 


(18) 


where 8 and y are constants. It does not matter, in deriving the eqn. (10) or 
(16), which give the amount of interstitially sorbed gas, whether the remainder 
of the gas is in the gas phase or adsorbed, provided equilibrium between ad¬ 
sorbed and free gas is rapidly established. However, the observational data 
give Q\ — -f Q a , so that in all graphs (cf. Fig. 3, 4) it is Q't/Qao which is plotted 

against VT. In such a system, however, Q a is itself a function of time, and 
therefore the kinetic laws become more complex. Substituting for Q a , using 
eqn. (18), one has 


Q\ - Qt + 


80 , 

1 4 - yQ v ' 


( 19 ) 


where Q g from (17) and {18) is given by 


a u . - (X + 8 - r( 0 „ - 0 ,)) + V[(I + 8 - y(g ~ - 0 ( ) ]» y . 4 y((j u • - <>,), {2o) 

the positive root alone being taken. 

We are interested in the form of the Q't/Qao against Vt curves in order or 
see how far the modified diffusion theory predicts curves in accordance with 
observations (cf. Fig. 4). In zeolites, adsorption upon external surfaces is 
normally a less energetic process than occlusion. Therefore when Henry’s law 
is obeyed for occlusion a similar law should be obeyed for adsorption. On the 
other hand when occlusion corresponds to saturation of interstitial sites the 
adsorbed layer may vary between saturation of surface sites and the Henry’s 
law range. The full diffusion equation obtained by substituting eqn. (20) and 
either (io) or (16) in (19) is clearly complex, so that it is better to consider 
several limiting cases : 

(i) Henry's law for adsorption coupled with saturation just within the sorbent 
surface for occlusion. 

The general relation Q' t — Q t 4- Q a now reduces to 


Q\ = 


Qt , 8 • Q o 

1 -f 5 1 + 8' 


(21) 


where Q t is given by eqn. (16) or (14a). For small values of r, 


01 = . /g + _ig<L„ . (i2) 

Qco (1 + 8)00,^ it ^ 1 + 80oo ' ' 

and the last term gives the magnitude of the “ foot ". The slope of the curve 
is reduced in the ratio 1/(1 4- 8 ) from its value according to eqn. (14a). 

(ii) Saturation both for adsorption and just within the surface for occlusion. 
The relation Q' t Q t 4- Q a now becomes 


with 0 , given by eqn. (16) or (140). For small values of r, 


• (* 3 ) 
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(iii) Henry’s law both for adsorption and for occlusion. 

Q' t again is given by eqn. (21), and Q , by (10), (11), or (14). For small values 
of Vr/K. one obtains, for example, 

Q’t 6 e» IE 1 «g» ,«v 

0ao «(I + S) 0. - 0® V „ ^ (1 '+ 8)0oo ’ ' ' 5> 


With modified slope, the V'T-law of eqn. (14) is again valid. The intercepts 
SO S 

--— JJ -- or correspond to the “ foot ” in the curves of Q t !Qco 

(1 4- o)Qoo yQcc 

against Vt noted at lower temperatures (Fig. 4). During sorption one may 
have a transition from one of these limiting cases to another ; for example, a 
natural sequence is from (ii) to (i) and from (i) to (iii). In these ways then, 
adsorption modifies the kinetics of diffusion, and accordingly the flow transients 
examined in § 4 refer to data in which absorption was shown to be negligible 
by the absence of a “ foot " in the rate curve. 
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THE RESIDUAL AFFINITY OF CONJUGATED AND 
RESONATING HYDROCARBONS 

By William Moffitt 
Received 30 th September , 1948 

The reactivity of conjugated and resonating hydrocarbons has been dis¬ 
cussed in the light of recent work by Daudel and Pullman. It has been found 
that a more satisfactory analysis of their calculations may be made. By 
postulating that the initial ease of attack, by the members of a restricted class 
of reagents, of the electron associated with a particular carbon atom is inversely 
correlated with the strength of the binding there, residual affinities have been 
defined for each of these atoms. Since the strength of this binding is measured 
by the Penney-Dirac bond orders, and the law of combination for these is linear, 
the residual affinities are very simply related to these bond orders and may be 
calculated from them. The feasibility of our postulate has been demonstrated 
by appeal to the known properties of particular molecular systems. The formal 
status of the original method of Daudel and Pullman is then examined and its 
applicability discussed. 


L Introduction.—The recent work of Daudel and Pullman 1 has 
shown that the contribution of multiple-excited structures to the ground 
states of a series of aromatic compounds is large. The question how these 
structures are to be interpreted is thus raised in an acute form. With an 
adaptation of the procedure of Svartholm,* they have sought to explain 
the reactivity of these compounds by means of a not entirely satisfactory 
analysis of the “ distribution of electron density ” in the molecule. Their 
method bears an obvious resemblance to the bond order of Pauling, 
Brockway and Beach, 8 and suffers from the same lack of a fundamental 
mathematical basis. 

In this paper we show that the true status of this approach is an 
approximation to a well-defined procedure based on spin-theory and thus 
directly related to the Penney-Dirac 4 bond order. Short of a complete 
treatment of activation complexes, which is not possible in the present 

1 Daudel and Pullman, J. Physique Rad., 1946, 7, 59, 74, 105. 

8 Svartholm, Arkiv. Kem. Min. Geol. A, 1941, 15, (13), 1. 

* Pauling, Brockway, Beach, /. Amer. Chem. Soc ., 1935, 57, 2705. 

4 Penney, Proc. Roy. Soc. A , 1937, 158, 306. 
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state of the HLSP * theory, 6 we have shown that we may predict the 
relative reactivities at the various positions of aromatic molecules by 
making a very simple and feasible assumption ; this enables us to relate 
a considerable range of unsaturation reactivities in hydrocarbon chemistry. 

2. The Procedure of Daudel and Pullman 

(a) The s- and /-zones of Daudel and Pullman 

It is helpful to consider how Daudel and Pullman 1 have interpreted 
the procedure initiated by Svartholm. 1 A distinction is drawn between 
effective and formal, or ineffective, bonds; the Kekul6 structures for 
benzene contain three effective bond?, whereas the Dewar structures 
each contain one formal and two effective bonds. These are pictured as 
consisting of electronic charges localized in /- and s-zones (zones de liaison' 
and zones de sommet) respectively. 


H£— CH 2 

e fee ft*e 6ond 


_ / 


- bond 


2 e/ecirons of T- bond 
in /“Zone; none in 
' S-zone. 


CM 



mt/fee ft re bond 


_ 7T- tfeeftrons 

in §-zonrs 


Fig. i. 


Accordingly, the following symbolism (by means of which numbers 
are finally attached to the various zones) is adopted : 



Fig. 2. 


o 

I 

o o 

2 2 , by abbreviation, 

o o 

i 

o 


Svartholm supposed that a satisfactory description of the molecule 
as a whole could be obtained by superposing all such diagrams for its 
singly-excited structures, to each of which he gave equal weight. The 
reactivity at any particular carbon atom (or the free electron density 
there) is to be associated with the number in the corresponding s-zone. 
For example, naphthalene has 16 singly-excited structures from which 
a molecular diagram may be constructed by addition : 


o 


2 

o 



o o 

I 2 


o 

2 

O 



o 

o l 


1° 

o 


o 


o 


(4)* 


I 

o 


2 2 
O O 



* HLSP ~ Heitler, I-ondon, Slater, Pauling. 
5 Pauling, J. Chew. Physics , 1933, I, 280. 


etc. 
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We notice that the a- and 0 -positions are associated with numbers 
4 and 3 respectively ; Daudel and Pullman consider this to offer an elegant 
demonstration of the greater reactivity of naphthalene at the oc-position 
compared to the 0 -position. 


(b) Generalization 

In HLSP theory the complete wave function for any particular mole¬ 
cule is of the form 

0 = ]> «*0*, 

* 

where we may write down the 0* representing the individual structures 
of the molecule, but we must determine a a 's by a variational treatment, 
setting 

DE f n 
-r— = o, for all a. 
oa A 

Let us assume, with Daudel and Pullman, that this wave function is 
approximately of the form 

0 ~ (^ = i, . . . Pn), 

n ¥ 

where {*J/ V n \ denotes the sequence of the w-ply-excited structures, p n in 
number—that is to say, we suppose the weight of each of the structures 
belonging to a given degree of excitation to be the same. This assumption 
is not necessary, but it is generally made to facilitate calculations. 

Then if N ni is the number of w-ply excited structures which contain 
ineffective bonds terminating at carbon atom C it and Z n is the weight 
associated with all the w-ply excited structures, the absolute charge, in 
units of the electronic charge e, on the s-zone at this C, is 

Q.i = JZ n N ni , z * -= i ■i*/5>* i« -1’- 

n n 

Similarly, if M nk is the number of w-ply excited structures which contain 
a certain effective bond k, the absolute charge in the corresponding /-zone 
is 

Q» = ^Z n M nt . 

n 

We note that Q lk is exactly twice the bond order of Pauling, Brockway 
and Beach * associated with the bond k in this approximation. 

It is as well to remark here that these Q' s cannot be treated as dynamical 
variables even in the restricted sense (see later). For butadiene, for 
example, using the independent structures 

CH,I=CH-U:iI=i=CH t , 0» 

a bed 


and CH,—CH=CH—CH t , 0», 

we obtain, as is well known, the secular equation 

1Z § * ~J | - °* where * = ( £ - £»>//• 

so that for the ground state the exchange energy and wave function are 
respectively, 


E - E 0 = V3 x J and 0 = (r + V3)0* + 0 Il « 
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Accordingly, 


Qia 


I_ 

5 + 2 V$ 


o*ii8 = Q ad , 


Q't = o = St. 


Qlr 


+ V 3 ) 
5 -M*\/3 


1764 = Q lt 


2 

5 + 2V3 


0-236, 


which numbers, as we shall see, may be used to describe the reactivity of 
the molecule. 

Now 0 1 and 0 11 are not the only pair of independent structures that 
we could have used as basis for our wave function */t. With equal 
justification we could use the alternative representation 


CH,—CH=CH—CH,, 


and 


CH,—CH—CH—CH ,, 0 ™. 


0 11 and 0 m are equally satisfactory zeroth-order functions, since 0 m 
belongs to the same (identical) representation of the molecule's point 
group as do 0 11 and 0 1 . In this event we obtain the same energy as before 
and the wave function 


giving 


r - l(i + V 3) 0 ” - 


Q'~ - 1 - QL 

Qlr = O = Q lt , 


Q'.„ 

Qu 


4 4" V3 

2(2 + V3) 
4 + V 3 


“ «*348 = Qrn 


= 1 ‘ 303 - 


Now although 0' may be shown to be the same as 0 apart from a normal¬ 
izing factor, the Q "s are obviously very different from the Q ’s and in no 
way reflect the chemical properties of the molecule. This illustrates 
the dependence of the g's on the particular set of independent structures 
chosen. In future we shall assume that the g's are calculated in terms 
of that representation, which we may call rational, involving the least 
excitation—i.e. maximized with respect to fi 0 , fS lt . . ., in that order. 
(An alternative characterization for a rational representation will be given 
in a later section.) 


(c) Chemical Reactivity and the Q’ s 

In order to correlate the Q’s with the chemical reactivity of hydro¬ 
carbons with 7r-electrons, Daudel and Pullman postulate that 

(i) the relative ease of substitution reactions is measured by the electronic 
density Q a in the corresponding 5-zone ; 

(ii) the relative ease of atomic additions is associated with the same 
factor Q„ ; 

(iii) molecular addition reactions proceed the more readily for high 
electronic charge densities in the appropriate /-zone Q t and, if possible, 
high charges Q, on both the corresponding s-zones. 

Thus, using the rational representations for ethylene and benzene, we 
obtain the following molecular diagrams : 

<SZB> 



Fig. 4. 
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The characteristic addition reactions of the olefines are now ascribed to 
the fully charged /-zone (Q t — 2), whereas the aromatic character of benzene, 
in particular its vulnerability to substitution reactions, is associated 
with its charged 5-zones ( Q, — 0*07). The relative ease of substitution 
in, and addition to, condensed ring systems, such as naphthalene and 
anthracene may be explained along these lines ; so also may certain 
reactions such as the Diels-Alder synthesis. 


3. Criticism of this Procedure 


(a) Concerning Reaction Mechanisms 

In beginning to criticize the procedure outlined in the preceding section, 
we are perhaps struck by the rather sweeping classification of reactions 
into three types. We prefer to proceed rather more cautiously in first 
examining only that rather large class of the reactions of these hydro¬ 
carbons with electrophilic reagents which may give rise either to additions 
or to substitutions. 

The study of chemical kinetics has led to the current view in which 
this class of reactions is envisaged as occurring through a rate-determining 
and essentially linear transition state involving only three centres—or 
four centres in a Lowry mechanism (see below)—and leading to the 
ionization of the reagent, which we call AB : 

CH,—CH,-j- A—B CH,=-CH,—A--B CH,—CH,—A + B : 


-+ B—CH ,—CH s —A 



f A—B 





+ b7 


- 0\ A + Ha 

-f 

(It is not suggested that ions CH,—CH,—A always exist as such ; it is 
extremely likely that in most cases the transition state is stabilized by 
the simultaneous approach of a basic catalyst (for example, an H,0 

molecule or B to C a , so that the identities of these ions may very well 
be lost by such a Lowry mechanism). It seems to have been fairly con¬ 
clusively demonstrated that the above mechanisms are apposite and that 
the four-centre additions 

CH, A CH,- - -A CH,—A 

II + | I: : | 

CH, B CH,—B CH,—B 

are relatively rare, at least for members of this class. 

Let us reconsider Daudel and Pullman's discussion of chemical re¬ 
activities ; we now find that for reactions with electrophilic reagents 
the transition state is essentially linear and three-centred for both sub¬ 
stitutions and additions. We cannot, therefore, accept the third postulate 
of § 2 (c), which would appear in every case to imply a four-centred 
mechanism; we are, in fact, led to associate such additions with charged 
5 -zones in the same way as for substitutions. But this would imply 
that benzene is more reactive than ethylene with respect to the attack 
of electrophilic reagents—an unhappy conclusion. 

(6 ) Concerning /- and 5 -zones 

In the light of our previous comments we must enquire in what sense 
we may accept the distinction between electrons in /- and 5 -zones, that 

13 * 
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is between those participating in effective and purely formal bonds re¬ 
spectively. Both sets of electrons have their spins coupled (anti-parallel 
in pairs) but whereas in the one case the coupling is accompanied by an 
energy of binding measured by the corresponding exchange integral, 
in the other this integral is negligible, so that the coupling energy is 
effectively zero. 

Let us consider the approach, to a (fictitious) molecule represented 

/\ 

by the Dewar structure \/\» of any reagent ( M belonging to a certain 

\/ 

class. We characterize this class of reagents by the condition that they 
each potentially contain an electron in a <r-orbital with which an un- 
saturation ^-electron of the hydrocarbon to be attacked may be coupled 
to form a aa bond. (This class of reagents $ contains the class of 
electrophilic reagents AB and that of the atomic reagents X, such as 
bromine Br or hydrogen H, as sub-classes.) 



If the direction of approach is as in (I), the permutation group for the 
molecule remains essentially unchanged at first and, since the coupling 
between a and / cannot easily be broken, the initial interaction is a re¬ 
pulsion which may be assessed in the usual way by means of a term, 
— KJna + Jnf )• If. however, the mode of incidence follows (II), the 
situation is quite different. Since the energy of uncoupling of the formal 
bond between b and e is zero, the permutation group for the molecule 
is altered at the outset and, in the ground state of the ensuing complex 
with the electron associated with the 7 r-orbital of b is coupled with another 
in the appropriate a-orbital of the reagent giving rise to an attraction 
Jm, approximately. 

Thus, if we regard those electrons which are coupled in effective 
bonding as localized in /-zones and the “ available " electrons, which only 
bond ineffectively, as situated in the corresponding s-zones, we find 
that we may conventionally represent the state of affairs by means of the 
“ distribution of electron density ” envisaged by Svartholm—providing 
we do not suppose that this localization is genuinely spatial in origin. 

(c) Pure (Eigen-) States and Pure Valence States 

Since we have managed to give a more precise meaning to the zone 
diagram for a single structure 0* it is clearly in the method of combination, 
i.e. in the definition of the Q n ' s and Q,’ s, that the weakness of the Daudel 
and Pullman procedure is to be found. It seems to us that a confusion 
has arisen between the expansion 0 m = a t 0 T of the representative of a 

r 

mixed state 0 W in terms of the representatives 0 T of its constituent pure 
(eigen-) states, and the expansion 0 = a#0*, of the wave function 0 of 

a 

a (complex) pure state in terms of simpler (variational) functions 0*. 

In the former case, the 0 T are the mutually orthogonal eigenfunctions 
of pure states belonging to the eigenvalues f r ' of a complete set of com¬ 
muting observables (. Any observation of ( necessarily yields some 
for its result so that immediately afterwards the observed system is in 
the pure state 0 T . The probability of obtaining any particular result 
is given by the weight w r = | a r \ 2 | a t | 2 of the pure state in the initial 
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mixed state tp m . (A stationary state ip r t in general, is one for which ( 
is the Hamiltonian and f T ' the energy.) 

In the latter case, however, the a x s are chosen so as to obtain the 
best possible approximation to the pure state ip. For our purposes the 
structures ip*, which are not even orthogonal, obviously do not represent 
constituent pure states in the above sense. Nor is the decomposition 


y a a ip* unique since, as we have seen for butadiene, the number of 


possible structures is always greater than the number of independent 
structures, except for the simplest case of ethylene. Thus although 
the term | a x \ | a x | 2 may indicate the relative importance of the structure 
* 

ip* in the variational calculation using some particular set of independent 
structures, it may not be given the logical status of a quantum-mechanical 
weight oj t . 

We therefore find that the Daudel and Pullman assessment of the 
" electronic densities ” to be associated with the various zones of a mole¬ 
cule is an entirely arbitrary procedure ; we have been misled in our ready 
acceptance of the “ weight ” factors Z n . It is unfortunate, and possibly 
in some way accounts for the confusion, that the structures ip* are often 
known as “ pure " valence states. A “ pure valence state ” is an electronic 
condition that could exist by itself whereas the ip* could not. 


4. The Residual Affinities 

(a) The Vector Model 

Let us, following Penney, 4 begin by formulating the HLSP procedure 
in terms of the cosine coupling of spin vectors. Dirac 8 has given the 
general solution of oui problem—that of determining the perturbation 
energy for a system whose representative is an antisymmetrical com¬ 
bination of atomic orbitals (AO's) —in the form 

E = const. - 4 2 ^ (1 + 4«, • 
i j > i 

The quantities — J(i 4- 4s, — s ; ) here play their role as eigenvalues of 
operators permuting AO’s which, being peculiar to an approximation 
combining AO’s in this manner, may be considered as dynamical vari¬ 
ables in the restricted sense. For given values of the exchange integrals 

Ju = 

the s ( . s, are determined by minimizing the energy E, subject to the 
conditions imposed by the eigenvalues of the integrals of the motion 
S 8 , S a . Now to our approximation, in which non-adjacent interactions 
are neglected and all other exchange integrals arc supposed to be equal, 
we may distinguish between effective and ineffective bonding as follows. 
Whenever J tj = / + 0, we say that the orbitals <£,, </>, are joined by a 
partial bond of order p if determined by the relative spin orientation of 
the electrons associated with these orbitals ; conventionally 

Pa ~ 3 (s 4 • Bj), 

so that if these spins are anti-parallel, as for the 77-electrons in ethylene, 
Pa = 1 , whereas for random coupling p i} — o. If, however, J tj m o, 
then the bonding is ineffective and even the smallest of perturbations 
of the appropriate symmetry may destroy this purely formal coupling 
which we call 

r a — 3 (s t . Bj). 


Dirac, Quantum Mechanics (2nd ed., 1934), Ch. 10. 
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( b ) The Residual Affinities 

Intuitively, therefore, it is clear that the initial ease of attack of a 
reagent ik at carbon atom C t of a molecule is a function of the total amount 
of ineffective bonding in which the electron associated with <j> { participates, 
and the question arises how we are to assess this. 

Let us first confine ourselves to those molecules for which the eigen¬ 
values of S* and S s are equal to zero. The law of combination of the 
individual spin vectors being linear, we find that 

2'(». • •,) - («. • 3E*') ■= • 8 > - (»<•».)> 

j j 

or, since the eigenvalue of S 8 is equal to o, 

- ( s «* 8 ^ * ““ • 8) - (•<•*.)> « ~i{° + Hi + 01 =* I. 

the summation being taken over all j + L But ---J ^ (•< • 8/) ~ 

j _ j j 

where t ti = p ti if the coupling (g, . g y ) is effective and f <y = r, y if the coupling 

is ineffective. Thus if r iS and p ti denote the total ineffective and 

i j 

effective coupling associated with the spin vector g t , we find that, say, 

Z = 1 - Z p " = 

i ; 

It is clear that the numbers r t , thus defined, perform that function which 
the Q ti ’s of Daudel and Pullman had set out to perform ; we may there¬ 
fore call them the residual affinities, attached respectively to the carbon 
atoms C, of a conjugated or resonating system. They are dynamical 
variables (in the restricted sense of Dirac 8 ) and thus independent of the 
particular choice of structures which we choose to facilitate our calcula¬ 
tions. Let us see if we can find a more direct meaning for the r % —one 
which may help to justify our future usage. 

( c ) A Further Property of the r x 

The exchange energy of a particular molecule may be written in the 
form, 

i j>i 

= * + *Z fZ 

i J 

where R — -- J 21 J a is the total exchange repulsion, and the last term, 

t j>i 

in which summation over pairs 22 has been replaced by the equivalent 

i j > i 

summation \ | J, measures the energy of coupling. We may say' that 

* j 

the electron associated with C< is bound with an exchange energy of coupling 
taJti or } p xi J in our approximation. The residual affinity 
f j 

r t 1 — Pti therefore describes the differential lability or the initial 
. i 

ease of displacement of the electron on C,. (For an ethylenic carbon atom 
r t = o, which is a useful standard.) 

Our rather indirect spin ciiterion may now be replaced by the more 
immediate condition which may be formulated. If we assume that the 
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ease of attack at the carbon atoms of an unsaturated molecule is inversely 
correlated with the strength of the electronic binding there, then the 
activation energies of reactions with molecules 9t (§ 3 (b)) may be correlated 
with the appropriate residual affinities r t . The ultimate justification for 
this assumption lies in the correspondence between prediction and ob¬ 
servation to which it gives rise—we shall show it to be appropriate in a 
later section—but it is unfortunately a necessary assumption. The 
HLSP theory in its present form is incapable of dealing in a quantitative 
manner with ionic structures, without which these activation complexes 
(or indeed any aromatic compounds with substituents of electromeric 
propensity) cannot be adequately described. 

5. Application to Particular Molecules 

(а) The Domain of the Residual Affinities r t 

In order to illustrate the chemical significance of the range of residual 
affinities, we shall first deal with three standard molecules : ethylene, 
benzene and the free radical CH,. CH . CH,. 

(i) Ethylene may be regarded as being in a pure valence state ; the 
complete set of contains only one member so that p (ethylene) = 1, 
y (ethylene) = o. 

(ii) Benzene with five independent structures yields, independently 
of their particular choice, p (benzene) = 0-623, and 

r (benzene) = 1 — 2(0*623) = — 0*246. 

(iii) CH a . CH . CH*. In treating free radicals (doublet ground states) 
by the HLSP method, the free electron in each structure is formally 
coupled with that in an orbital at infinity, which may here be identified 
with an orbital <f> p of the attacking reagent Accordingly the per¬ 
mutation group for the molecule (which is then treated under Pauling's 
rules for singlet states) has been “ prepared " for this attack and the 
correct r t is simply the factor — $(*, x * p ). For this particular free radical 
there are two structures 

1 1 

CH,---CH—CH, and CH,—CH=CH, 

a be 

from which we obtain the results, 

r a *= 4" | = r c* r b i I P ~ -f- }• 

Thus oJefinic reactivities lie near r 4 = o, whereas those of aromatic 
molecules are to be found in the range around r t = — 0*25. The positive 
range of the r x covers the reactivities of the free radicals. (For a “ pure ” 
free radical, with no resonance, r t ~ 1.) 

(б ) Butadiene, Naphthalene and Anthracene 

For butadiene, which we have examined in considering the Q ti *s, the 
following results are obtained : 

p r = 0-911 = p t and p g = 0-333, 

so that 

r n 1 — 0-911 — 0-089 -- r a> 

r b 1 -- 0-911 — 0-333 — — 0*244 = *«• 

Thus we may account for the high reactivity of butadiene at its outer 
carbon atoms—a reactivity which surpasses that of ethylene. 

For naphthalene we should have to explain the preferential attack 
by $ of its a-position, whereas for anthracene we ought to find particularly 
reactive meso- positions. The bond orders for both these molecules have 
been calculated on the basis of certain simplifying assumptions which the 
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work of Sherman, 7 and Daudel and Pullman, 1 has justified. Accordingly 
we can evaluate the v x without any difficulty. 

For naphthalene, Penney 4 gives 
\/\/ Pa - °*433» Pb = °* 53 °» Pa = 0-516, />, « 0*690 

from which it is readily verified that 


r lX — — 0-206 ; rp ~ ~~ 0-220, 

in agreement with our expectations, from chemical evidence. (We note 
that both | pa — Pb | = 0-174 and | p b — p B \ = 0-160 are small—this is 
later shown to characterize aromaticity and consequently vulnerability 
to substitution, as is found.) 




»/W 



For anthracene Michailov 8 has calculated the 
following bond orders : 


p „ = 0-491, Pc = 0-715, /># 0-491, />„ -= 0-587, 

whence the residual affinities are 

r t = — 0-191, ~ — o*206, r 9 = — 0-174. 

These quantities evidently reproduce the chemical behaviour of this 
compound. 


6. Review of the Daudel and Pullman Procedure 

( a ) Mathematical Status 

Writing the wave function for a molecule in the form a 

ot 

we find that 

= I <*« I*/ 2 I I* = I |‘AV«. say, 

tX 

JV being a normalizing constant. We now define numbers pg, and 
for each structure , such that p£j = 1 or o according as the electrons 
on C* and C, are paired in tp* or not, and p“ = 77* or (f { according as C, 
and Cj are adjacent (J w — J + o) or not (J ti ^ o), respectively. It is 
then found that 

- 2^4Z f ff.; - 1 1 ««HZ* ft}. 

ot j <* j 

Qn - 2 2 ^ - jJV-* 2 I «« IV. 

ot a 

where k refers to a particular effective bond i— j. We note that, if 
^ denotes summation over the effective bonds terminating on C,, then 
& 

= 1 y * 

a 

Let us see how these quantities are related to the energy is of the 
molecule. We have 

E . = J^*H^dr, 

or E 2 Z I W Z Z I H 1)3). 

* P Ot ft 

where (a| 0 ) - J^*^dr and (a|H|) 3 ) _ J^-H^dr 

may be. determined with the aid of the rules laid down by Pauling.* 

7 Sherman, J. Chem. Physics , 1934, 488. 

8 Michailov, Acta Physicochim., 1946, 21, 387. 
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M HI*) - E„ - i y Z J" + * 2 2! a/« 

t' j>* t j>< 

= + * +t 2 rf/. 

k 

where E 0 is the Coulomb energy. If we were to neglect non-diagonal 
terms (e.g. (a|H|/ 3 ) with a * p) we then find that, as an approximation 
to E, we have the quantity E\ where 

£' x n* — (£, + j?).iv» + i2Ki*2if-y. 

<x k 

or E' = E q + R "H 2 2 Qik • J• 

k 

To this approximation, then, we may relate the 0’s with our />*s and r’s 
as follows: 

£?i* = 2/> fc and 0„ = r, 

since 2 “ ^ 2 2^ an( * ^ )ecause 6.* = 1 — J] 1 £.£?**• 
k i j k 

In general the quantity E' depends upon the particular set of in¬ 
dependent structures selected, so that the 0’s will, at best, be significant 
only in that representation for which the approximation of neglecting 
the non-diagonal elements of the energy matrix is most appropriate— 
i.e. with that set of structures «/>* which gives the closest approach of 
E' to E. We might therefore expect to obtain apposite 0’s (of relative 
significance) by use of such “ rational ” representations (see also §2 (b), 
above) for a particular family of molecules. But we must also expect 
trouble if we compare the 0’s of one family (e.g. the polythenes : ethylene, 
butadiene, etc. . . .) with those of another (say, the polyacenes : benzene, 
naphthalene, anthracene, . . .)—since although the errors accompanying 
this approximation may remain dormant for, or nearly constant throughout, 
the members of one class, we have no reason to suppose that they should 
do so for the whole range of these hydrocarbons. 


(6) Applicability 

Whenever we can use 0's in this relative sense for a particular class 
of compounds, we expect bond lengths and force constants to be functions 
of the 0,’s and reactivities to parallel the 0,’s. This appears to be so for 
the class of polyacenes and for the class of polyenes. We cannot, however, 
follow Daudel and Pullman in their analysis of the relative reactivities 
of ethylene and benzene which are the lowest members of these quite 
different families. They have used their charge densities in an absolute 
sense postulating that highly charged /-zones lead to additions and that 
highly-charged s -zones alone lead to substitutions. But we have shown 
in § 3 (a) that the transition states for both these classes of reactions are 
generally quite analogous, and that the ease of attack should therefore 
in both cases be assessed by r ( alone (to which Q ti is supposed to be an 
approximation). Why, then, is there this correlation of 0, with addition 
reactions ? 

Before answering this question, let us return to the mechanism of 
attack by the electrophilic AB of the molecules ethylene and benzene. 

H 


We recall that the ion 



lost H+, with characteristic aromaticity, 


to give the substituted benzene. That B7 is not added instead is explained 
by the great stability of the highly resonating benzene ring system which 
would be broken by addition of BY. Now if C* has two nearest neighbours, 
C e and C bt with which it makes bonds m and n, we may associate such 
full resonance with C, by requiring that | p ia — P,i, I or | Q, m - Q„ | be 
small. 
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Accordingly, instead of assuming that additions require high /-zone 
charges at the bond they attack, we characterize substitutions by means 
of low | p (a — p ib |, or | Q lm — Qi„ \, associating their readiness to occur, 
however, with r t or Q ti . That the Q/s would suggest benzene to be more 
reactive than ethylene is taken as an indication that these two compounds 
belong to different families which are not mutually -comparable. We 
note in passing that most hydrocarbons appear to be Q,-comparable. 

For larger molecules the additional labour in calculating p* s (and hence 
r* s), after the secular equation has been solved, may be considerable. 
In these cases we must use the Q x s in order to determine the properties 
of the various bonds and the Q t 's for the chemical reactivity. Providing 
we do so relatively, and bear in mind their limited domain of applicability, 
this should lead to significant predictions. 

7* Appendix 

In § 5 we calibrated our residual affinities v i against certain standard 
molecules. For some purposes and for completeness it may be useful 
to have a more fundamental criterion, namely a value of for the most 
inert carbon atom of a given type. Since interactions between nearest 
neighbours only are considered, and the exchange integrals are taken as 
equal for these, we shall find it convenient to distinguish between three 
different sorts of carbon atom : Those with only one, class (i), say, two, 
(ii), and three, (iii), nearest neighbours, respectively. As examples of these 
we have the carbon atoms of ethylene, benzene and those common to 
two nuclei in polynuclear hydrocarbons. (This classification may also 
be useful on other, e.g. steric, grounds.) For carbon atoms of the type 
(i), it is obvious that maximum bonding, and therefore minimum affinity, 
occurs when p — l and v — o. 

Consider now the more general case of a carbon atom i surrounded 
by n carbon atoms j (= J, ...,«) in a plane containing i. The only 
non-negligible n exchange integrals are those of the form J it and these 
are supposed equal to J. (As an example of this, we have already en¬ 
countered the case n = 2 for the free radical CH a . CH . CH 2 .) The 
perturbing Hamiltonian may be written in the form 
* 

v» = _ J 2 (! 4- 4«,.»,)/ = - (m/ 2 -f 2g 

1 

where S„ ~ »*• Now it is easily shown that with this particular form 

j 

for V n , Si and ij, as well as 8* (where S = S„ + *,), commute with V n 
and are therefore constants of the motion. Accordingly and because 

2S„.a, - S* - Sf, - ■?, 
the energy eigenvalues are 

E” - E n 0 -J- R» - {S(S -j- i) 5.(5. + i) - s t (s t -f i )}J. 

Now the strength of the n bonding at carbon atom i will be a maximum 
when the spins of the electrons on neighbouring atoms j are free to couple 
with in the strongest possible way—i.e. when these spins are not pre¬ 
emptively aligned owing to the presence of other conjugating parts of a 
molecule. The ground state of the hypothetical molecule (of (» -f i) 
atoms and only n effective exchange interactions) which we have been 
considering, therefore exhibits the electron associated with i in its most 
strongly bound form. When a group of (« + i) such a toms is found in 
a molecule of m > (n + i) carbon atoms, of course, (8. + sj* will no 
longer, in general, be a “ good quantum number ". Accordingly, although 
the molecule as a whole may be in a singlet state, any conclusions as to 
the limit properties of atom i which we may draw by assigning an eigen¬ 
value other than o to the operator (8 n + gj a , will not be invalidated. 
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Consider first the case n = 2. Since J is negative the ground state 
is the doublet for which S = £, S n = i, s ( = J : 

=-- I - 2 Pn =• 1 + $8„.«, = - i 
) 

Similarly when n = 3, the triplet ground state has quantum numbers 
S — 1, — f, s, — J, so that 

1 + = - f 

(These results which we have obtained by means of the vector model could 
also, of course, have been deduced less systematically by means of the 
more usual HLSP procedure; the method which we have followed is, 
however, also more simple here and serves to illustrate the direct use of 
Dirac's formula.) 

The lowest residual affinities associated with electrons on carbon 
atoms of classes (i), (ii) and (iii) are therefore o, — J and — | respectively. 
If we wished to avoid negative signs in our definition of residual affinities, 
we could retain this classification of carbon atoms according to their 
situations and redefine quantities relative to these three standard values. 

Coulson • has recently suggested that the molecular orbital method 
may also be used to predict reactivity. Analogous quantities r*= 1 — ^ p l§ 

i 

may also be defined for these calculations, and arguments similar to those 
used above, lead to minimum affinities at r = o, (1 — y/2) and (1 — \/3) 
respectively. 

Note. —More recently, to conform with current usage, Daudel 10 
has changed his nomenclature somewhat so that now Q ai is called the 
free valence number and }Q lk the bond order. 

The writer would like to acknowledge the receipt of a grant from the 
Board of the British Rubber Producers' Research Association, and the 
benefit of certain discussion with Prof. C. A. Coulson. 
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• Coulson, Trans. Faraday Soc., 1946, 42, 265. 
10 Daudel el al., Rev. Set., 84, 489. 


SOME NEW ASPECTS OF THE STRENGTH 
OF ALLOYS * 

By George-Maria Schwab 
Received 25th October , 1948 

It is shown that the temperature coefficient of the Brinell hardness of metals 
can be represented by a bi-exponential formula, leading to the assumption of 
two different processes with different activation energies, of which the larger 
one, Em, is connected with the formation of new perturbation centres. The 
Brinell hardness of the phases a, / 3 , y, c, if of the Hume-Rothery systems, Cu—Zn, 
t u—Sn, Ag—Zn and Ag—Cd, is measured between 20 and 450° C in a special 
apparatus and evaluated according to the above theory. A maximum of E t 

* Contribution from the Dept, of Inorganic, Physical and Catalytic Chemistry, 
of the Institute “ Nicolaos Canellopoulos,” Piraeus, Greece. 
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appears to be exhibited by the y-phases of all the systems, which at the same 
time accounts for their hardness maxima at room temperature. It is concluded 
that the dislocation of atoms is the more difficult the more the first Brillouin 
zone of a lattice is electron-saturated. 

Transitions of cubic body-centred to hexagonal phases of the same com¬ 
position cause an increase of hardness and vice versa. Silver and its alloys show 
a hardness anomaly around 300°, which may be due to a reversible, and sometimes 
retarded, mosaic-structure transition. 


In a survey of published data of the Brinell hardness of Hume-Rothery 
alloys, a summary of which has been published previously, 1 2 it was found 
(i) that the hardness increases with the proportion of the polyvalent 
component within the a-phases (ii) that the hardness has a sharp maximum 
at the composition of the y-phases, and (iii) that j8-, <r- and ty-phases have 
about the same hardness values as the saturated a-phases. In a number 
of publications from this laboratory * the same rules have been shown to 
hold accurately for the activation energy of the formic acid dehydrogena¬ 
tion using Hume-Rothery alloys as catalysts. In these reactions and 
also with the specific electric resistance the influence of electron concen¬ 
tration could be explained by Mott and Jones' theory of these alloys, 3 
in terms of the degree of electron saturation of the first Brillouin zone. 
Therefore, an attempt was made 1 to explain the variation of hardness 
on similar lines. It was supposed that in a Brillouin zone which was 
nearly filled by conductivity electrons, as is the zone of the y-phases, 
a diminution of the zone volume will encounter considerable opposition. 
Such a diminution, involving an increase of certain atom distances, was 
considered as a necessary condition for the formation and propagation 
of lattice dislocations in the mechanism of plastic gliding. 

In a discussion on this topic 4 the question was raised as to how far 
this hypothesis, based on data for ordinary temperatures, would be applic¬ 
able at other temperatures in view of the effect of temperature on the 
hardness. It was therefore suggested by the author that the critical 
activation energy of plastic deformation should show a similar variation. 
In the present paper an experimental approach to this problem is 
presented. 5 

First, an approximate mathematical treatment of the temperature 
coefficient of the Brinell hardness is derived from existing theories and 
experimental data. Then, measurements on Hume-Rothery alloys are 
described and evaluated using the above theory, and tentative conclusions 
are drawn. Some special phenomena encountered in this work is also 
discussed. 

The Temperature Dependence of Brinell Hardness.—It is gener¬ 
ally admitted that the Brinell or “ sphere-indenting " hardness is not a 
clearly defined nor a strictly reproducible measure of the magnitude of 
the intrinsic plasticity of a material, because (i) it does not correspond 
to a state of homogeneous stress distribution, (ii) work-hardening occurs 
during the indenting process, (iii) plastic after-flow is observed. In spite 
of this, a relation to the elastic limit or yield stress, sufficiently consistent 
for practical purposes, can be stated (see e.g. the recent work of Tabor).* 
It is probably due to these shortcomings that no special theory for the 
temperature dependence of hardness seems to exist in the literature. 

1 Schwab, Experientia, 194O, 2, 103. 

2 Schwab and Karatzas, Z. Elektrochem., 1944, 50, 204 ; Schwab, Trans. 
Faraday Soc. t 1946, 42, 689 ; Schwab and Pesmatjoglou, J . Physic. Chem., 
i94 y > 52# 1040, and forthcoming publications. 

3 Mott and Jones, The Theory of the Properties of Metals and Alloys (O.U.P. 

I 93 6 )- A Proc.Xl. Int. Cong. them. (London, 1937). 

6 See the preliminary communication at the meeting of the Swiss Chemical 
Society, 2nd Feb., 1948 ; Chimia, 1948, 2, 124. 

* Tabor, Proc Roy. Soc. A, 1948, 192, 247. 
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For the same reason, the treatment proposed below is to be considered 
as a first approximation, which accounts for the broad effects of temper¬ 
ature and composition. 

One could tentatively assume that the hardness, i.e. the load at which 
a sphere ceases to penetrate into the material, is identical or proportional 
to the critical shearing stress which produces a perceptible deformation 
velocity. A theoretical equation for the plastic deformation velocity 
has been formulated by Smekal 7 and improved by Becker 8 and Orowan. 8 
According to it, the gliding velocity v is given by 

E( 1 — 0 /( 7()) 8 

v — ae RT , (1) 

E being the critical increment for the movement of a perturbation centre, 
a the stress applied, a 0 the critical stress at o° K, and a a proportionality 
factor, containing the number of perturbation centres present and the 
deformation produced by their movement. The idea is that the necessary 
thermal activation energy is diminished by the activation produced by 
the applied stress. For the critical stress a k which produces a certain 
critical deformation velocity v kt we obtain 

a k — oq 00V(RT/E)(ol -- log v k ) = A — BVT. . (2) 

1 his equation, according to Kochenddrfer 10 well represents the 
tempeiature dependence of critical shearing stresses as taken from 
stress-strain curves. An attempt to apply it to some of the few existing 
temperature-hardness curves is shown in Fig. r. The values marked 



Engl are of Engl and Katz, 11 the rest are cone hardnesses of Ludwik, 1 * 
these being known to be about 25 % lower than sphere hardnesses. The 
result is disappointing. Not only is B not constant, but even its variation 
is not uniform. 

7 See Smekal, Erg. exakt. Naturwiss., 1936, 15, 130, et seq. 

6 Becker, Z. Physik, 1925, 26, 919. » Orowan, ibid., 1934, 605. 

10 Kochenddrfer, Plastische Eigenschaften von Kristallen und metallischen 
Wakstoffen (Berlin, 1941). 11 Engl and Katz, Z. Physik , 1937, 106, 1. 

12 Ludwik and Schimmer, Z. physik. Chem., 1916, 91, 232. 
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The fact that the true temperature function is of an exponential form 
was first observed by Schischokin 13 who was also the first to make sys¬ 
tematic measurements of temperature coefficients on some alloy systems, 
and to state the influence of composition. 14 His empirical equation is 

H = ae-”.(3) 

H being the hardness, i temperature °C, a and b constants. This shows 
that the hardness cannot appear exclusively in the exponent, as does 
a in (1), but that some sort of viscosity equation is more adequate. We 
therefore write 

W -olo.)* 

v ooc'e . . . . . (4) 

This equation denotes that the deformation produced by the mobility 
of a perturbation centre is not constant but proportional to the stress 
applied as in viscous flow. In this form, the expression is transcendental, 
but by assuming a 0 > it it takes the more convenient form : 

v — oot'e B/BT' . . . . ( 5 ) 

This assumption requires that the energy produced by the applied 
stress is small compared with the total mobility energy. The assumption 
is justified a posteriori, at least at high temperatures, by the E t values 
found, which, even allowing for a notch factor of 500, are much higher 
than the work done by critical stresses over mean atomic distances. 

If, again, we define " hardness ” as the critical stress o k which produces 
a certain, just perceptible, deformation velocity v k (or a magnitude pro¬ 
portional to a k ), we obtain 

" - •> - •••<*> 

which leads to 

InH^lnA + (E/R) x (i/T). . . . (7) 

In Fig. 2, log H is plotted as a function of 1 /T for those examples shown 
in Fig. i. It is seen that in this plot all the curves have the same char¬ 
acteristics. In the low temperature region they are approximately straight 



lines of small slope, corresponding to eqn. (7), whereas at higher temper¬ 
atures the hardness falls rather steeply. If the low-temperature branches 
are extrapolated to higher temperatures, and i/H (extrapol.) values 

14 Schischokin, Z. anorg, Chem 1930, 189, 263. 

14 Schischokin and Agajewa, ibid., 1930, 193, 237. 
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thus obtained are subtracted from those of i/H (observed), it is found in 
alJ the examples cited that the reciprocal of this difference obeys a second 
exponential law of the form of eqn. (7) to a good approximation. Hence, 
the whole curves can be represented by 

H = j ( r js\TRT~ + i} t r i!^Rf- ■ ■ • (8) 

The circles in Fig. 2 have been calculated according to this equation 
using the constants given in Table I. 

TABLE I. —Hardness Constants of Metals 


Material 

E x (keal.) 

log A 

E t (keal.) 

log B 

Ni {Engl) . 

0-178 

- 1-89 

14*62 

1*30 

Cu {Engl) 

0*169 

- 1*65 

8*96 

1*22 

Cu 

0*228 

— 1*71 

7*27 

0*46 

Sb . 

1-644 

— 0*64 

7-64 

1-25 

Zn . 

1*187 

— o*8o 

8-05 

2*31 

A 1 

0-365 

— 1.30 

8-22 

1*70 

Cd . 

1*690 

— 0*04 

8*22 

2*95 

Bi . 

1*325 

— 0*05 

14*34 

5*68 

Sn 

*•415 

4-0*18 

9*42 

3*58 

Pb . 

1*187 

1 

4- 0*20 s 

I7*8o 

7*40 


The agreement is good although no special care was taken to select 
the best values of the constants. Thus, eqn. (8) is a suitable expression 
for representing the temperature coefficient of hardness. 

It assumes that the high-temperature branch of the curves also 
approximates to a straight line at higher temperatures so that the whole 
curves consist of two rectilinear branches of different slope and a transi¬ 
tion curve connecting them. This fact, although it appears somewhat 
obscured by the termination of the curves near the melting point, has been 
observed previously by Dushman 15 who evaluated the high-temperature 
branches in a similar way and calculated E t values. 

Eqn. (8) is not without a theoretical significance. It corresponds to 
the expression 

v = a(ae BiIRT fo- E t IRT) f . . . (9) 

for the deformation velocity. Exactly the same equation is known to 
hold for the electrolytic conductivity of certain semi-conductors, again 
with E % > E v In that case, it is interpreted (see Jost 1# ) on the assump¬ 
tion that at high temperatures the crystal is in disorder equilibrium, the 
energy of disorder being E % — E x in our notation, whereas at low tem¬ 
peratures the disorder equilibrium is " frozen-in " and the existing dis¬ 
ordered ions can move if they acquire an activation energy E % . By analogy, 
one is tempted to suggest that the deformation velocity is also determined 
by two mechanisms. At low temperatures, pre-existing perturbation 
centres, probably situated in cracks and internal surfaces (Smekal) are 
mobile when they acquire the small thermal energy E x while at higher 
temperatures new perturbation centres are formed by establishment of 
the disorder equilibrium, the sum of their energies of formation and move¬ 
ment being E a . 

Tammann and his co-workers have determined by different frictional 
methods the temperature at which exchange of sites will begin and found 
that for different metals it is about 0*35 of the (absolute) fusion tem¬ 
perature T # . Similarly, Botschwar 17 found the temperature at which 

15 Dushman, Proc. Amer. Soc . Test. Mat., 19-29* * 9 , (2), 7. 

lf Jost, Diffusion und Chetmsche Reaktion in festen Stoffen (Dresden and 
Leipzig, 1937), p. 77. 

17 Botschwar, Z . anorg. Chem ., 1926, 157, 319 ; 1928, 176, 46. 
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marked recrystallization occurs to be 0-43 T $ . Now, the transition from the 
low-temperature to the liigh-temperature mechanism of deformation, i.e. 
the change of slope in Fig. 2, always occurs at about (0-65 ± o i)T 9 . 
The applicability of this rule points again to a connection between the 
high temperature deformation and the occurrence of mobile atoms. As 
the critical increment of deformation is lower and the reduced temperature 
of the onset of this is higher than in self-diffusion, recrystallization, etc., 
one could conclude that the perturbation centres of deformation have 
lower energies and lower entropies of formation than completely mobile 
atoms, probably because they are groups of dislocated atoms. 

In the following discussion, eqn. (8) will be used as a preliminary 
basis of discussion of the influence of temperature and composition on 
the hardness of Hume-Rothery alloys. From this point of view, the 
question is whether the critical energies E t and ii 8 , for Hume-Rothery 
alloys, depend on the electron concentration and the lattice type. 

Theoretically, E x need not be precisely constant because, in v iew of 
its low value (Table I), any effect of the applied stress in the sense of 
eqn. (4) is not excluded. But no important conclusions should be drawn 
from these values. As for E % , it is clear from Fig. 2 that its determination 
from the high-temperature slope is uncertain due to the limited tempera¬ 
ture range available. This applies still more to the alloy curves discussed 
below. In this respect it is of practical importance to observe that all 
the metals in Fig. 2 show a fusion-point hardness of about 1-5 kg./mm. 2 , 
the value decreasing somewhat with the melting point. This fact is of 
help in obtaining a good extrapolation of the high-temperature branch 
of the experimental curves. In any case, in view of the said uncertainty, 
stress will be laid on the qualitative sequence of the slopes rather than 
on their accurate values. 


Experimental 

Method. —The apparatus used for the measurement of the temperature 
coefficient is shown in actual size in Fig. 3. Its principle is to measure the hard¬ 
ness at different temperatures with the same sample so as to be independent ot 
casual differences of the samples. The coin-shaped sample A is placed on an 
iron anvil B. The channel in B contains a copper-constantan thermocouple, 
sealed in glass, with its soldered ends close to the sample. A ball-bearing steel 
sphere C rests below on the surface of the sample A, carried above in an eccentric 
recess of the iron piston D. The apparatus is enclosed by an iron tube E which 
can be heated from outside by an insulated heating coil. E is packed at the 
bottom with asbestos wool so that a slow stream of carbon dioxide, entering at 
F, displaces the air inside during the experiments and prevents oxidation of the 
sample and the sphere. At G, by means of a Brinell press, a measured load can 
be applied gradually and removed after measured intervals of time. Between 
every two indentations I) is revolved by means of the handle H through a 
definite angle (usually 45 0 ). This moves the sphere over the sample to a new 
position, so that eight indentations, corresponding to eight different temper¬ 
atures, can be formed in a circle upon the same sample, without dismounting. 
(The rotation of A during the displacements of C is prevented by a suitable 
device.) 

The diameter of the indentations was measured using a microscope with a 
micrometer eyepiece in two perpendicular directions to an accuracy of 1/400 mm., 
and from the mean value d, the sphere diameter D and the load P, the Brinell 
hardness was calculated by the usual formula, 

2 P 

H « - . .(io) 

7 tD(D - VD 2 - d 2 ) 

Most measurements were made with a load of 35*6 kg. spheres of (>*5 mm. 
diam. over a period of 1 min. The very low hardnesses were measured with 
i. 5*8 kg. load, and double measurements with both loads were the same. Most 
oi the runs were carried out at rising temperature between 20° and 450° C in 
steps of about 50-60° ; sometimes smaller intervals were used. Normally, runs 
with decreasing temperature gave identical results; exceptions will be‘noted. 
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Fig. 3 . 

Materials. —Four alloy systems were chosen which form true Hume-Rothery 
phases : Cu—Zn, Cu—Sn, Ag—Zn and Ag—-Cd. The copper used was pure 
electrolytic wire. The silver, prepared from halide residues by reduction with 

TABLE II.— Alloys for Hardness Measurements 


ist Metal 

and Metal 

Content of and Metal 
Atomic % % by Weight 

Electron 

Concentra¬ 

tion 

Phase 

M.p. 

(°C) 

Cu 

Zn 

0 

0 

1*0 

Cu 

1083 



30 

29*5 

1-30 

a 

890 



44*4 

43*7 

i *44 

a 

860 



05 

64-4 

1*64 

y 

760 



83 

82-6 

1*83 

€ 

480 



100 

100 

2 -0 

77 — Zn 

419 

Cu 

Sn 

0 

0 

1*0 

Cu 

1083 



30*6 

19*1 

i *5 7 

r 

582 



36-3 

23*4 

1*70 

y+ < 

582 



40-4 

2()*7 

i*8i 

< 

680 



67 

5 * 

2-56 

V 

420 

Ag 

Zn 

0 

0 

1*0 

Ag 

961 



17*5 

26 

1*26 

a 

760 



30*5 

49 

1*49 

m 

700 



50 

62 

1*62 

y 

650 



70 

78 

1-78 


580 



100 

100 

2*0 

rj = Zn 

419 

Ag 

Cd 

0 

0 

1*0 

Ag 

961 



39*4 

38*4 

1*38 

1 a 

700 



52*5 

5 i *5 

1*52 

/» 

680 



62*9 

62*0 

1*62 

y 

640 



74*5 

73*8 

1*74 

C 

500 



100 

100 

2*0 

rj * Cd 

321 
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Zn -f- HC 1 , contained a few per cent, of Zn which did not affect the present meas¬ 
urements (it increases the hardness of chemically pure silver by 4 kg./mm.*). 
Zn and Cd were Kahlbaum pro analyst preparations. The alloys were prepared 
by fusing together weighed amounts of the components in ceramic crucibles 
under a protective melt of NaCl, CaCl a and borax. Special care was needed in 
the preparation of the Ag—Zn and Ag—Cd alloys because of their high heats of 
formation and low boiling points. Here, Zn or Cd was fused and silver foil 
gradually dissolved in the melt. The alloys were cast in asbestos moulds and 
the coin-shaped samples filed and polished. Sometimes they were annealed at 
300-400°, but no perceptible hardness difference was observed, except in the 
case of «-Ag—Cd (see later). 

The compositions of the alloys tested are tabulated in Table II. 

The melting points tabulated (which were used as aids in extrapolation) 
are the temperatures of the first appearance of a liquid phase, as shown in the 
respective phase diagrams. 


Results 

Some observations were made in order to check the method as to the un¬ 
certainties produced by plastic flow and by work-hardening. The results are 
presented in Fig. 4. The hardness is plotted logarithmically as a function of 



Fig. 4. 

the indenting time in the upper part. The experiment was made with oc-Ag—Zn 
at 364° C (10 3 /r = 1*575) * The scattering is due to temperature fluctuations. 
It is seen that at this temperature a considerable after-flow occurs, but that the 
1 min.-value, used throughout this investigation, is not much affected by it. 
The work-hardening during the indentation was examined by first making 
some large indentations on a silver surface with a 11*41 mm. sphere (load 35*6 
kg.), and then measuring the hardness at different points within these indenta¬ 
tions with a 3*12 mm. sphere (load 15*8 kg.). The cross-section of two combined 
indentations is shown below on the left and some typical results on the right. 
In fact, the centre of an indentation is remarkably hardened, but this effect, 
not very large as compared with the strong temperature influence, is certainly 
less with the small indentations of a 6*5 mm. sphere and at elevated temperatures. 
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The final results are given in the form of log# — i IT diagrams in the Fig. 
5-8, for the systems Cu—Zn, Cu—Sn, Ag—Zn and Ag—Cd respectively. In 




Fig. 5 and 6 single measurements are given, to indicate the degree of repro¬ 
ducibility with different samples. In Fig. 7 and 8 some of these points are 
omitted for the sake of clarity. The interrupted sections of the curves have been 
extrapolated by using the final slope of the measured high-temperature branches 
and the fact (see above) that the hardness at the melting-point does not exceed 
a few units. 
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tion temperature. In the system Ag—Cd the 0 phase shows an inverse transi¬ 
tion : below 240° the j8' phase, being an ordered body-centred cubic lattice, is 
stable, and above this temperature the hexagonal f} x phase. Correspondingly, 
an increase of hardness is to be expected on passing through the transition point 
in an ascending direction, as is in fact observed. The hysteresis loop of c-Ag—Cd 
for which one experiment only has been recorded in the figure, will be discussed 
below. 

Discussion 

For the soft metals Zn and Cd our curves coincide in a satisfactory 
manner with those of Fig. 2. For copper our values are lower by a factor 
of about 2. This is probably due to work-hardening affecting the literature 
values which were obtained with very much greater loads. 

In the four systems examined, the hardness at room temperature and 
generally at low temperatures shows the same variation as stated pre¬ 
viously. 1 It rises from the value of pure copper or silver through the 
a and 0 phases to a maximum at the y phase and descends again over the 
€ to the r) phase. The question is, how far can this variation be accounted 
for by the magnitude of the energy values, i.e, of E x and E % . This can be 
answered without the tedious and not very accurate full analysis of the 
constants of all the curves (cf. Table I). The slopes of the low-tem¬ 
perature and high-temperature branches of the curves give directly an 
approximate picture of the variations of E x and E 2 . 

Ei is generally small and, consequently, of little influence on the hard¬ 
ness values ; intersections of curves belonging to subsequent phases do 
not occur in the low-temperature region. Moreover, no systematic vari¬ 
ability of E x can be discovered. 

The contrary is true of E % . It is clearly seen that in all the four systems 
the* high-temperature branches of the y-curves show the maximal slope. 
The high-temperature slopes, partly based on an extrapolation, cannot 
claim a high accuracy, but it proved impossible, taking into account the 
initial slopes observed and the melting points, to apply different extra¬ 
polations without bias which do not give a maximum slope for the y- 
curves. With the reservations due to the uncertainties mentioned above, 
an approximate evaluation of E t from the curves has been attempted in 
Table III. 


TABLE TIL— Approximate E 2 Values for Alloys (kcal.) 


Phase 

System 

! 1 

; Pure 

i ; 

1 

« 

1 

! fi 

! Y 

y + e 

i 

$ 

V 

Cu— Zn 

7*3 

12 

9 

*3*5 


6*5 

6*8 

Cu—Sn 

7*3 

— 

— 

33 

20 

6*5 

2 

Ag--Zn. 

7 

8-6 

7 

xo 

— 

10 

6*8 

Ag-Cd. 

7 

7*5 

9 

16 

— 

9*4 

5** 


From these numbers it again appears that E t is greatest in the y-phases. 
and this would mean, as pointed out previously, that in these phases, 
due to the high degree of saturation of the Brillouin zone, the energy needed 
for the formation of perturbation centres, is highest. (The secondary 
maxima encountered in the a-phases of the tw;o Zn systems, if real, are 
probably due to secondary effects, e.g. of atom size.) 

Such a systematic variation of E t would also give an explanation 
of the parallel variation of the low-temperature hardnesses, which it 
pioduces in the following way. At the melting point the hardness of 
different metals is close to a universal low value of, say, 1*5 kg./mm.*. 
Starting from this value, at decreasing temperatures, the hardness increases 
corresponding to the steeper or flatter slope EJR ; at a temperature of 
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0*65 of the melting point it reaches a value depending on this slope (and 
the (not very variable) melting temperature), and from then on it changes 
little in the low-temperature region. 

A peculiarity is shown by all alloys containing silver. Around 300® 
silver itself already shows a transitory minimum of hardness, and the 
same minimum is observed also in a-Ag—Zn and a-Ag—Cd. (With the 
latter it has been proved to occur at rising and at falling temperatures.) 
In «-Ag—Zn the phenomenon is still observed as an inflexion of the 
curve. In c-Ag—Cd it manifests itself as a hysteresis loop. At rising 
temperatures the curves are very similar to that of c-Ag—Zn whereas 
at decreasing temperatures a normal two-branch curve is obtained. The 
whole phenomenon, and especially the hysteresis loop, is similar to a 
retarded allotropic transition, as if the low-temperature branches of the 
curves belong to another and softer modification than the high-temperature 
branches. It is remarkable, perhaps, that the hardness anomaly is found 
just in the temperature range of the phase transitions { ft of Ag—Zn 
and ft -> ft of Ag—Cd. 

No definite phase transitions are known in the a- and «-phases. It 
was thought that an order-disorder transition possibly occurs. Even 
with unalloyed silver this would be possible in view of its small Zn content 
(see above). However, chemically pure silver, prepared by repeated 
HC 1 precipitation and dissolution in ammonia and reduction with iron 
(which is insoluble in silver) also gives the anomaly although to a smaller 
degree. The occurrence of an order-disorder transition or a phase transi¬ 
tion, hitherto overlooked, was checked in a calorimetric apparatus which 
clearly indicated the { -* 0 transition of Ag—Zn and the order-disorder 
transition of ftCu—Z11. No anomaly could be discovered in a-Ag—Zn 
nor in c-Ag—Cd. 

The anomaly was found neither with copper nor with gold. These 
two elements differ from silver mainly in one common property, the 
easier transition of an electron from the d-shell into the conductivity 
( 5 ) band, manifested by valency change and by the reddish colour of the 
free metals. It was tentatively supposed that this electron transition 
might occur in silver and its alloys in an exceptionally narrow temperature 
range and thus bring about an increase of electron concentration and, 
consequently, of hardness. This is not very likely because the transition 
requires a quantum of less than 320 m/x., i.e. energies of more than 89 
kcal./g. atom., and thus cannot proceed thermally at 300°. Moreover, 
no resistance anomaly is known for silver in this range. We searched 
for a thermoelectric anomaly of silver, but without any result. 

The only possible explanation appears to be the assumption of Zwicky 
of a reversible transition of the mosaic block structure, as found by Cohen 12 
for Cd, Zn, Sb, Cu and Bi and by Gotz 20 for Bi. For silver, Cohen cal¬ 
culated a transition point of 260° C from an anomaly of the temperature 
coefficient of the specific heat, although Janecke, 21 using anomalies of 
the pressure coefficient and of thermoelectric effect, concluded that a 
transition existed at 120°. (See also Hedvall and Colliander. 22 ) It is 
possible that a transition of this kind may be perceptible as a hardness 
anomaly, as a in eqn. (1) and (9) will depend on the mean free path of a 
perturbation. Probably, in absence of this anomaly, the relation of E t 
and the structure of the phases would be more evident. 

Dept, of Inorganic, Physical and Catalytic Chemistry , 

Institute “ Nicolaos Canellopoulos” 

Piraeus, Greece. 


,f Cohen, et al., Z. physik. Chem ., 1913, 85, 419 ; 1914, 87, 409, 419 ; 1915, 
#9* 4 8 9 , 638. 

*° Goetz and Jacobs, Physic. Rev., 1937, 5 1 * *51, *59 Proc. Acad . Sci. Wash., 
1930, 16, 99. 

21 J&necke, Z. physik. Chem., 1915, 90, 313. 

22 Hedvall and Colliander, Z. anorg. Chem., 1940, 343, 234. 
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PART I. THE EFFECT OF SOLVENT ON THE POLYMERIZATION 
OF OLEFINES BY STANNIC CHLORIDE 


By D. C. Pepper 
Received 9 th November, 1948 

The rate and degree of polymerization of olefines at 25 0 C by Friedel-Crafts 
catalysts are markedly increased by increase in the dielectric constant of the 
medium. Traces of moisture reduce the rate of polymerization in solvents of 
high dielectric constant, but appear to increase it in hydrocarbons. Solutions 
of stannic chloride in solvents of high dielectric constant show appreciable con¬ 
ductivities in presence of traces of water. In nitroparaffins, very high conduc¬ 
tivities are observed, which are not due to moisture. It is concluded that the 
polymerization has an ionic mechanism, but that, in solvents of high dielectric 
constant at least, it does not involve hydrate ions. In solvents of low dielectric 
constant the hydrate may play a part. 


The polymerization of olefines induced thermally or by organic 
peroxides and similar substances is now generally recognized to be a free- 
radical chain reaction. The kinetics of such polymerizations have been 
completely explained on the radical chain theory, and recently successful 
measurements have been made of the activation energies and frequency 
factors of all the elementary kinetic steps. 1 * * 

Such polymerizations are relatively slow ; the overall activation energies 
lie in the range 15-30 kcal., and temperatures at 50-150° C are needed 
to give conveniently measurable rates of reaction. In contrast, when 
the polymerization is induced by acids or Friedel-Crafts catalysts, striking 
differences in the character of the reaction are observed. Reaction pro¬ 
ceeds rapidly, often explosively, at room temperatures and even below 
— ioo° C. 3 * 4 The overall activation energy must, therefore, be very 
low—in the single case reported it was found to be about 3 kcal. 5 * At 
normal temperatures the chain-length of the polymers is short (mol. wt. 
io 3 -io 4 ), but high molecular weights may be obtained at very low 
temperatures. 4 * • 

It has been concluded that in such polymerizations the active chain 
carrier is an ion or polarized molecule. 7 * 8a * * This is a plausible inference 
from the nature of the effective catalysts, since Friedel-Crafts catalysts 
can readily give rise to ions or electron-accepting fragments, and from the 
low activation energies involved, since ionic reactions occur by electron 
transfers which require much lower activation energies than do normal 
reactions involving the breaking of covalent bonds. It must be noted, 

1 Burnett and Melville, Proc. Roy. Soc. A, 1947, 189, 456. 

2 Bamford and Dewar, ibid., 1948, 19a, 309. 

3 Staudinger and Breusch, Ber., 1929, 62, 442. 

4 Thomas, Sparks and Frohlich, J. Amer. Chem. Soc., 1940, 62, 276. 

5 Williams, J. Chem. Soc., 1940, 775. 

• Hershberger, Reid and Heligman, Ind. Eng. Chem., 1945, 37 > 1073. 

7 Hulbert et al., Ann. N.Y. Acad. Sci., 1943, 44, 371. 

•Price, (a) ibid., 1943, 44, 351 ; (b) Reactions at C = C Double Bonds (New 
York, 1946). 

• Evans and Polanyi, J. Chem. Soc., 1947, 2 5 2 * 
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however, that a low value of the overall activation energy could arise for 
quite a different reason, viz,, if the activation energy o* the chain termin¬ 
ation reaction is very high (since ^overall is a composite quantity and in 
the simplest case is equal to Emulation -f* E propagation — E termination). 

The precise nature of the chain initiator and the details of the kinetic 
steps are still not clear. Polanyi and co-workers l# » 11 have shown that 
SnCJ 4 or TiCl 4 alone are insufficient to initiate the polymerization of 
isobutene at low temperatures and that a “ co-catalyst " must also be 
present. Effective co-catalysts are water, tert .-butyl alcohol, sulphuric 
and various organic acids. Norrish and Russell 18 have made a similar 
observation with stannic chloride and regard either the mono- or the di¬ 
hydrate as the effective initiator. Kinetic evidence which might support 
an ionic chain mechanism is meagre and uncertain of interpretation 13 • * b 
and some doubt has been expressed whether a stationary state is in fact 
established. 

Scope of this Paper.—The experiments described here, with styrene 
and a-methyl styrene catalyzed by stannic chloride, are part of a general 
exploration of the characteristics of Friedel-Crafts polymerizations. The 
particular approach here is the investigation of the effect of the dielectric 
nature of the solvent medium, and the detection of ions by measurements 
of electrical conductivity. Any reaction involving the formation or 
destruction of ions will be influenced by the dielectric constant of the 
medium ; data here presented show that at 25 0 C both the rate and degree 
of polymerization are markedly increased by increase in the dielectric 
constant of the solvent used. Due to anomalies caused by variable traces 
of water, the results are at best only semi-quantitative, but the main 
effect remains clear. One remarkable feature is that traces of moisture 
are found to decrease the rate of polymerization in solvents of high di¬ 
electric constant, that is, the reverse of the effect found at low temper¬ 
atures in hydrocarbon or other low dielectric solvents. The results of 
electrical conductivity measurements are complicated. Considerable 
concentrations of ions can be detected in solutions of stannic chloride in 
high dielectric solvents, but these are found to arise largely, if not 
entirely, from hydrate or other complexes, and the relatively high con¬ 
ductivities produced obscure the contribution (if any) of ions in the 
polymerization chain. The hydrate appears to play no part in the polymer¬ 
ization in high dielectric solvents. 

Experimental 

The polymerizations were carried out in stoppered Pyrex test-tubes in a 
thermostat at 25 0 C. When temperature equilibrium had been reached, the 
appropriate amount of catalyst solution was added and samples for analysis 
withdrawn from time to time in a pipette. The disadvantages of such an open 
system are obvious in a reaction sensitive to traces of moisture, but in this pre¬ 
liminary investigation it was decided to accept them in view of its simplicity 
and convenience. In later, more accurate, kinetic measurements a dilatometric 
method was used, which will be described in a subsequent paper. The rates 
quoted in Tables VI and VII were obtained by this method. 

The course of polymerization was followed by estimation of the unchanged 
monomer by bromination of its double-bond. Since the polymer itself has a 
double-bond, allowance for this must be made. A known volume of monoroer- 
polymer solution was added to excess bromine solution (0*3 N in CC 1 4 ) * and 
allowed to stand for £ min. In this time addition to the double-bond is sensibly 
complete and the excess bromine can be estimated by addition of aqueous KI 

10 Evans, Meadow's and Polanyi, Nature , 1947, 160, 869. 

11 Plesch, Polanyi and Skinner, J. Chem . Soc., 1947, 257. 

12 Nourish and Russell, Nature, 1947, 543 - 

13 Kley and Peppei, Trans. Faraday Soc., 1947, 44 » I12 * 

* A 0*3 N solution is used since at this concentration the partial vapour 
pressures of bromine and solvent are approximately equal, so that any evapor¬ 
ation does not change the composition of the solution. 
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and titration with thiosulphate. Potassium iodate is then added and the thio¬ 
sulphate titration continued to estimate HBr produced by substitution. Little 
substitution occurred in the bromination of the monomers or poly a-methyl 
styrene, but with polystyrene it was quite marked. 

The polymers were isolated from samples or at the end of the reaction by 
shaking the solutions with water, and steam-distilling to remove solvent and 
any unchanged monomer. This method was quite satisfactory for polystyrenes 
but with poly a-mcthyl styrenes it was difficult to remove the last traces of 
monomer. The molecular weights quoted for poly a-methyl styrenes are, there¬ 
fore, likely to be somewhat lower than their true values. In some cases polymers 
were isolated by precipitation by methyl alcohol. Except with the lowest poly¬ 
mers, where some of th£ polymer remained dissolved, this method gave pro¬ 
ducts of the same molecular weight as those isolated by steam distillation. 

The molecular weights of a-methyl styrene polymers were determined by 
bromination of the terminal double-bond. This method is not suitable for 
polystyrenes, which were, therefore, measured by the determination of their 
intrinsic viscosities in benzene at 25° C. The molecular weights were calculated 
from Bamford and Dewar's relations, 8 * 

1 . [ rf ] — 4*57 X io-W°’ M , 

where M — mol. wt., [17] — lim and c. - concentration in base moles 

(104 g.) per litre. 

Conductivities were measured in a small cell of conventional type, consisting 
of a stoppered Pyrex test-tube with circular platinum electrodes sealed through 
the wall at the bottom of the tube. This cell had a constant of 0-156 and re¬ 
quired a minimum of 2 ml. solution. Since results of the highest accuracy were 
not required at this stage the simplest conductivity bridges were used—at first, 
a Kohlrauscli bridge and later, a Mullard bridge accurate to 2 %. The latter 
had a " magic eye ” null-point detector instead of telephones, which made it 
much more convenient and rapid in use. 

Materials. —The a-methyl styrene used was supplied by the Distillers 
Company. It had been fractionally distilled through a column equivalent to 
50 theoretical plates (b.p. 163-9-164-2° C at 745 mm.). Despite this treatment 
it still contained about 6 % /sopropyl benzene (from which it had been made by 
dehydrogenation). However, this merely acts as a diluent and does not other¬ 
wise affect the polymerization. The a-methyl styrene slowly oxidizes in presence 
of air to acetophenone and formaldehyde and the liquid becomes opalescent and 
eventually deposits a white solid (paraformaldehyde ?). Before use it was dis¬ 
tilled at reduced pressure in an atmosphere of nitrogen (b.p. 78° C at 20 mm. ; 

”D 7 

Styrene was obtained from l.C.I. Plastics and contained traces of hydroquinone 
to inhibit the spontaneous oxidation and polymerization (radical chain). This 
inhibitpr does not prevent the stannic chloride catalysis but it was, nevertheless, 
removed by shaking with NaOH, drying over Na and vacuum distillation (b.p. 
46° C at 15 mm, ; — 1-5445). 

Stannic chloride was distilled in all-glass apparatus (b.p. 114-115 0 C). Elabor¬ 
ate precautions to remove HC 1 and hydrates (a very difficult task 6 » 14 ) were not 
taken. For use as a catalyst it was diluted to 1 % by volume in the appropriate 
solvent. 

All solvents were dried (over P 2 0 § where practicable) and distilled through 
a 12-in. spiral glass column. Nitrobenzene chars considerably if heated with 
P.O. &nd must, therefore, be shaken with solid NaOH before distillation. PfO g 
also reacts with nitroparaffins forming a yellow sol. These solvents were, there¬ 
fore, dried successively over CaCl a and anhydrous copper sulphate. 

Results 

(a) Polymerization in Different Solvents. —A series of polymerizations 
of a-methyl styrene, at constant monomer and catalyst concentrations, was 
carried out in solvents of different dielectric constant, ranging from cyclohexane 

* Bamford and Dewar’s relation refers to low molecular weight polystyrenes 
prepared at low conversions by a radical mechanism, and containing CC 1 S end- 
groups. It may not, therefore, give exact results with the polymers described 
here. However, until the 17-mol. wt. relation of these polymers has been experi¬ 
mentally determined, it may be taken as giving a better relative comparison 
of molecular weights than the simple Staudinger equation of Kemp and Peters. 

14 Baxter and Starkweather, J. Amer . Chem. Soc., 1920, 42, 906. 
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(c — i*9) to nitrobenzene (e — 36). No induction period was observed, and the 
polymerizations proceeded at steady rates over about the first 25 % of reaction, 
subsequently slowing down as monomer was consumed. In the solvents of 
high dielectric constant an appreciable rise of temperature took place. Table I 
shows the initial rate (of disappearance of monomer in moles l.- 1 min.- 1 ) and the 
maximum temperature rise, together with molecular weight (number average) 
of the polymer produced. 


TABLE I.— Effect of Dielectric Constant of Solvent 
[M ] 0 1*36. [SnClJ = 4*5 X 10- 8 mole l. -1 * T = 25 0 C 


Solvent 

e 

A T (max.) °C 

Rate x xoo 
mole I.-* min.- 1 

Mol. Wt. 

Cyclohexane . 

1*9 

0*5 

1*25 

500 

Bromobenzene 

5 

o*b 

*‘45 

430 

Ethylene dichloride 

10 

i ‘5 

3*3 

1200 

Nitroethane 

28 

6 

20*4 

( 680 ) 

Nitrobenzene . 

36 

16 

150 

85OO 


* In ref. 15 this catalyst concentration was given by mistake as 0*9 x io“ 8 . 


Because of the non-isothermal nature of these reactions the above rates are not 
strictly comparable, but the variation due to different temperature is not likely 
to be great, in view of the low activation energies usual with this type of re¬ 
action. The results shown may, therefore, be taken to demonstrate a marked 
influence of solvent medium on the rate and degree of polymerization. 

A similar series of experiments was carried out with styrene. The rates of 
polymerization were not measured, but the molecular weights were found 
(Table II) to show a similar increase in dielectric constant of the solvent. 

TABLE II.— Effect of Solvent on Mol. Wt. of Polystyrene 


[Af] 0 — 1*74. [SnCl 4 ] == 9 x 10- 8 mole l.* 1 T — 25 0 C 


Solvent 

e 

W 

Mol. Wt. 

Cyclohexane 

1*9 

0*66 

2040 

Benzene .... 

2*3 

o-68 

2190 

Ethylene dichloride 

IO 

1*04 

4200 

Nitroethane 

28 

1*07 

445 ° 

Nitrobenzene 

36 

1*62 

8300 


To eliminate as far as possible specific chemical effects of the solvent, a series 
of experiments was performed in which the dielectric constant was varied by 
varying the composition of benzene-nitrobenzene mixtures. The results are 
given in Table III, the dielectric constant of the mixed solvents being estimated 
from the values given at 16 0 C in Int. Crit. Tables . Steady initial rates were 
observed in all solvents except pure benzene which showed an induction period 
of 90 min. followed by a relatively rapid rate. In general, higher rates and molec¬ 
ular weights were found in the mixtures of higher dielectric constant. 


TABLE III.— Styrene in Benzene-Nitrobenzene Mixtures 
(Af) 0 — 1*74. [SnClJ = 9 x 10- 8 mole l." 1 T — 25 0 C 


Vol. % 
nitrobenzene 

e 

— dAf /di X 100 

M 

Mol. Wt. 

O 

2*3 

(o-j) 

0*63 

1,900 

25 

7*5 

0*12 

1*06 

4,400 

50 

14*0 

1*1 

i- 5 8 

8,000 

62-5 

18*5 

4 

1-58 

8,000 

75 

23*0 

7 

1-75 

9,400 

100 

36*0 

26 

1-82 

10,000 
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Qualitative evidence was also obtained that the same solvent effect is shown 
in the polymerization of styrene by other catalysts (H a S 0 4 , FeCl 8 ), and of w-butyl 
vinyl ether by stannic chloride. In each case a greater and more rapidly 
developed heat evolution was observed in nitrobenzene than in cyclohexane. 

(b) The Detection of Ions. —Solutions of stannic chloride in high dielectric 
solvents were found to be conducting, indicating the presence of appreciable 
concentrations of ions. At a concentration of 9 X io“ 2 moles per litre the follow¬ 
ing conductivities were observed at 25 0 C. 

TABLE IV 


Solvent 

6 

k X io* mhos 

Benzene...... 

2*3 

Not measurable 

Bromobenzene .... 

5 

Not measurable 

Ethylene dichloride 

10 

0*3-5 sensitive to H a O 

Nitrobenzene ..... 

3 b 

4-20 sensitive to H a O 

Nitropropane ..... 

21 

200 

Nit roe thane ..... 

28 

300 

Nitromethane .... 

38 

77 0 


Similarly, the conductivity of stannic chloride in benzene-nitrobenzene mixtures 
increases with the proportion of nitrobenzene. It was found also that, on the 
addition of styrene, the conductivity fell as the polymerization proceeded, the 
change in conductivity being in any given experiment approximately propor¬ 
tional to the extent of polymerization. These observations immediately suggest 
that the effect of dielectric constant on the polymerization is due to a higher 
concentration of initiating ions (and possibly also of an ionic chain carrier) 
existing in the solvents of higher dielectric constant. However, there are two 
objections to this simple theory ; that in ethylene dichloride and nitrobenzene 
the conductivity appears to be variable and in the nitroparaffins it is anomalously 
high. 

The Effect of Water on Conductivity. —The higher values of conduc¬ 
tivity quoted above for ethylene dichloride and nitrobenzene were obtained 
with batches of solvent dried in the usual way and stored for several weeks in 
stoppered bottles opened occasionally to the atmosphere. Solutions made with 
freshly dried and distilled solvents gave the lower figures. Moreover, the con¬ 
ductivity in freshly dried solvents appears to be only slightly dependent on the 
amount of SnCl 4 present, as shown in Table V. The variation is so little greater 
than experimental error that it may be due to variable traces of water still present 
in the solvent rather than to a real effect of SnCl 4 concentration. 

TABLE V 


In Nitrobenzene 


[SnCl 4 ] x 10 s 

o -55 

1*1 

9 

ii ‘5 

90 

K X lO 6 

0*97-1*2 

i*3 

2 ’ 5 ” 3*3 

3 ' 4 ' 3 'k 

4-2-5* 1 


In Ethylene Dichloride 


[SnClJ X io 3 

5*5 

T 1*2 

92 

K X 10* 

0*19-0*2 7 ; 

i 

0*22 

0*30 


If measured traces of water be added to solutions of stannic chloride in nitro¬ 
benzene, a linear increase of conductivity with concentration of water is observed. 
Fig. 1 shows the results in three different concentrations of SnCl 4 . The traces of 
water were introduced by adding small volumes of nitrobenzene saturated with 
water at 15 0 C (containing 1*33 X io~ 4 mole H a O per ml.). The concentration 
of SnCl 4 was kept constant by simultaneously adding equal volumes of a solution 
of double strength. 
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In 50/50 mixtures of benzene and nitrobenzene, and in ethylene dichloride 
a linear dependence is also found. 

It will be noted that all the curves in Fig. 1 are more or less superimposed 
and that the two at higher concentrations of SnCl 4 have the same slope. In the 
most dilute solution (Curve 3) the curve falls below linearity as the molar ratio 
H|0/SnCl 4 exceeds unity. These results imply that as long as the stannic 
chloride is in excess, the conductivity depends only on the added water. If it 



Fig. 1.—The effect of H 2 0 on conductivity of SnCl 4 in nitrobenzene. 

Curve 1. [SnCJJ - 9 X 10- 2 mole /litre ; 2. [SnCl 4 ] =- 4*5 x 10 ~ s mole/litre ; 
3. [SnCl 4 ] = 9 X 10- 3 mole/litre. 


be assumed that pure SnCl 4 in completely anhydrous nitrobenzene has negligible 
conductivity, then the initial conductivities shown in Fig. 1 correspond to the 
presence in the solvent of about 1 X 10- 2 mole H a O per litre (i.e. 0*02 % w./w.). 
Such a small amount of water might have been picked up in the brief exposure 
to air during the making up of the solution or from the multilayer of water 
adsorbed on the surface of imperfectly dried glass apparatus. 

The conclusion must be, therefore, that the conductivities observed in nitro¬ 
benzene and ethylene dichloride are largely, if not entirely, due to ions produced 
by hydration or hydrolysis of the stannic chloride and not to its dissociation or 
interaction with the solvent. This conclusion does not apply to the solutions 
in nitroparaffins. The very high conductivities observed in these solvents are, 
if anything, increased by more careful drying, and are definitely reduced by 
the addition of water. These solutions are being studied further and there is 
some spectroscopic evidence that the conductivities are due to the formation 
of ionizable complexes with the solvent. 

The Effect of Water on Polymerization. —Contrary to expectations, 
more careful drying of the solvent is found to increase the rate of polymerization 
of styrene in ethylene dichloride and nitrobenzene, and the addition of traces 
of moisture to reduce it. 

The same effect was found qualitatively at higher concentrations of stannic 
chloride in nitrobenzene (9 x 10- 8 ). Here the rate of polymerization was more 
than twice as fast in freshly dried solvent as in solvent stored several weeks. 
It seems, therefore, that in high dielectric solvents water raises the conductivity 
but lowers the polymerization rate, i.e. the processes of hydration and poly¬ 
merization are not directly associated, as postulated in low dielectric solvents 
at low temperatures. 






D. C. PEPPER 403 

TABLE VI.— Effect of Water on the Polymerization of Styrene 



[HgO] 

moles per litre 

X IO 3 

K 

mhos x 10® 

-d Mf(U 
x 10* 

In Ethylene Dichloride 


0 

0-15 

T 2*7 

[M]„ . 174 

1-5 

o*i 8 

8-5 

[SnClJ = 4*5 x io~ a 

7*5 

0*20 

5*9 


(>o 

0*07 

(solution cloudy) 

0 

In Nitrobenzene 

[M]„ = 174 

0 

I i* 3 f> 

5*73 

[S11CIJ — 9 X icr 4 

A 

2*2 

2*05 


In hydrocarbons (benzene and cyclohexane) at 25 0 C the polymerization 
was found to be irreproducible—giving induction periods of variable length 
and some unaccountably slow icactions. However, in one series of experiments 
in benzene the addition of water was found to cause a definite increase in polymer¬ 
ization rate (Table VII). 


TABLE VII 

Solvent: Benzene [A/] 0 - 1*7.4 [SnClJ — 9 X io~ 8 moles l.“ l 


[HsO] Added 

- d[M]/d< X 100 

0 

4 *I 7 

O 

5 *L 3 

2 X TO -3 

8*17 

4 X IO- a 

9 * 


Discussion 

The experiments quoted in Tables I-III must all have been affected 
to a small (and variable) extent by traces of water. The relative rates 
of polymerization and molecular weights obtained in different solvents 
cannot, therefore, be taken as strictly quantitative. However, due to 
the opposite effect of water on the polymerization in high and low di¬ 
electric solvents it follows that in strictly anhydrous systems the effect 
of solvent would be even more marked. Hence it must be concluded that 
there is a real effect of dielectric constant on the polymerization. This 
constitutes strong evidence in favour of an ionic mechanism. 

The stationary concentration of ions in an ionic chain reaction need 
only be very small and may, or may not, be detectable by the methods 
used here. The appreciable conductivities observed in ethylene dichloride 
and nitrobenzene are very largely, if not entirely, due to hydration by 
contaminating moisture and, moreover, in any one solvent are associated 
with low rather than high rates of polymerization (Table VI). That is, 
the ions detected here are not those taking part in the polymerization 
chain. Such ions are presumably present, but their contribution to the 
conductivity of the solution is very small or, at any rate, is completely 
masked by that of the much higher concentration of ions derived from 
hydrate. Since the large majority of the ions present—the hydrate ions 
—play no part in the polymerization, the fall in conductivity during the 
reaction must be attributed to the decrease in ionic mobility as the viscosity 
of the solutions increases. 
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The above observations imply that in high dielectric solvents the active 
catalyst is anhydrous SnCl 4 and not hydrate, a conclusion at variance 
with previous results in low dielectric solvents at very low temperatures. 
The conflict may perhaps be resolved if a slight difference in mechanism 
is postulated in the two cases. The high dielectric solvents, where ioniza¬ 
tion is favoured, the active initiator may be a true ion formed from a 
catalyst-monomer or catalyst-solvent complex. In such a case the 
presence of moisture or any substance competing for the stannic chloride 
would reduce the effective concentration of the catalyst and hence the 
rate of polymerization. In solvents of low dielectric constant such com¬ 
plexes may be expected to be less stable and to be present in much smaller 
concentrations if at all. However, even in these solvents hydrates could 
still readily be formed which, though their dissociation would be difficult, 
might still provide the small concentration of ions necessary for initiation. 

The effect of dielectric constant on the polymerization, while providing 
general confirmation of the ionic nature of the reaction, gives little detailed 
information about the individual kinetic processes. From the fact that 
the chain length as well as the rate of polymerization is increased by high 
dielectric constant, it was concluded that the termination rate is strongly 
reduced. 15 This would suggest that the termination step is the com¬ 
bination of ions of different sign rather than a simple dissociation of the 
polymer ion. However, this deduction is valid only if no transfer pro¬ 
cesses are operating and is not borne out by kinetic experiments (of. Part II) 
in ethylene dichloride, which indicate spontaneous rather than combination 
termination. The influence of dielectric constant being greater on rate 
than on molecular weight suggests that the initiation process is strongly 
affected, as would be any reaction producing ions. 

The high conductivity of stannic chloride in nitro-paraffin solutions 
is very interesting in itself, but its significance in the polymerization of 
olefines in these solvents is still uncertain. The rates observed in nitro- 
ethane are as expected from its dielectric constant, although the molec¬ 
ular weights appear to be anomalously low. In nitromethane, the 
polymerization seems to occur at about the same rate as in nitrobenzene, 
but measurements are inaccurate since the polymer is insoluble and 
separates during the reaction. These systems are being studied further. 

Trinity College, 

Dublin. 

16 Pepper, Nature , 1946, 158, 789. 
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PART II. THE KINETICS OF POLYMERIZATION OF STYRENE 
BY STANNIC CHLORIDE 


By D. C. Pepper 
Received gth November, 1948 

Experiments are reported on the stannic chloride catalyzed polymerization 
of styrene in solution in ethylene dichloride at 25 0 C. The initial rate of poly¬ 
merization is found proportional to the square of the styrene concentration and 
to the first power of the stannic chloride concentration. The molecular weight 
is proportional to the styrene concentration and independent of that of stannic 
chloride. A kinetic scheme is suggested involving monomer-catalyst initiation 
and a unimolecular termination process. The catalyst is taken to be the an¬ 
hydrous stannic chloride and not its hydrate. 
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The kinetics of polymerization of olefines by Friedel-Crafts catalysts 
have been little explored, in contrast to the immense amount of work 
on radical-catalyzed polymerizations. There is much qualitative infor¬ 
mation, but hardly any quantitative data. This is, no doubt, partly due 
to the intractable nature of the reactions; the catalysts are hygroscopic 
and difficult to handle; the reactions are very fast and hard to control; 
polymers of high molecular weight are produced only at very low tem¬ 
peratures where kinetic work is difficult. 

Gwynn Williams 1 and Eley and Pepper * have investigated the stannic 
chloride catalyzed polymerization at room temperature of styrene and 
tt-butyl vinyl ether respectively, but at the time of their work the im¬ 
portance of traces of water was not realized, and the interpretation of 
some of their results is uncertain. Plesch, Polanyi and Skinner 8 and 
Norrish and Russell 4 * have shown that for isobutene at low temperatures 
(ca. — ioo°C) polymerized by the weaker Friedel-Crafts catalysts TiCl 4 
and SnCl 4> the presence of water is essential and have postulated that 
the polymerization is initiated by ions derived from the hydrates of these 
halides. The most active Friedel-Crafts catalyst BF S appears to induce 
polymerization without the intermediacy of water in the liquid phase 
at low temperatures, but not in the gas phase. 6 

In recent work 66 the author has shown that the effect of water 
depends on the medium employed. At 25 0 C in solutions of stannic chloride 
in solvents of high dielectric constant (nitrobenzene, ethylene dichloride) 
moisture produces ions, presumably by hydration or hydrolysis, but re¬ 
duces the rate of polymerization. The catalyst under these conditions 
seems, therefore, to be the anhydrous halide rather than the hydrate. 
Nevertheless, there is evidence that the polymerization in these solvents 
involves ionic processes, since both the rate and chain length are strongly 
increased the higher the dielectric constant. 

In the experiments reported here, ethylene dichloride was chosen as 
the solvent, since in it steady rates of polymerization are obtained without 
the induction periods usually observed in hydrocarbons and carbon tetra¬ 
chloride. 


Experimental 

Methods. —The method of following the polymerization by bromination of 
unchanged monomer, used previously by Williams and by the author is con¬ 
venient, but has the disadvantage that the reaction vessel must frequently be 
opened for the removal of samples. In ■» reaction sensitive to moisture this is 
a serious drawback. A very convenient 'ethod is to follow the viscosity of 
the polymerizing solution. 2 * * 7 This was tried in several preliminary experiments, 
but it was found that in certain cases, where relatively high molecular weight 
polymers were formed, the relation between polymer concentration and log 
viscosity was no longer linear. In such cases it was not possible to deduce 
accurately the course of the reaction from a single measurement of concentration 
at the end of the reaction. 

A dilatometric method was finally chosen. These polymerizations are 
strongly exothermic and if the reaction vessel is a simple cylindrical bulb the 
temperature in the interior of the liquid may rise several degrees above that of 
the thermostat. Apart from its effect on the kinetics, such a temperature rise 
seriously impairs the accuracy of dilatometric methods, due to the thermal 
expansion of the solution. The dilatometers finally used in these experiments 
had the form of an annulus, as shown in Fig. 1. They were made of Pyrex 

1 Williams, J. Chem. Soc., 1940, 775. 

2 Eley and Pepper, Trans. Faraday Soc., 1947, 44> 112. 

a Plesch, Polanyi and Skinner, J. Chem. Soc., 1947, 257. 

4 Norrish and Russell, Nature, 1947, 160, 543. 

6 Evans, Meadows and Polanyi, ibid., 1947. l6o> 869. 

• Pepper, (a) Nature, 1946, 158, 789 ; ( b ) Trans. Faraday Soc. (precedingpaper). 

7 Foord, J . Chem. Soc., 1940, 48. 

14* 
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and contained about 4 ml. solution. By reason of their annular shape, no part 
of the solution was more than 1 mm. (and the bulk about $ mm.) from a surface 
cooled by the thermostat liquid. In practice, this design was very successful 
and no expansion effects due to rise of temperature were observed. 

The dilatometer was clamped rigidly in a thermostat at 25 0 C. Monomer 
and catalyst solutions were brought to temperature equilibrium in stoppered 
Pyrex test-tubes in the thermostat, and at zero time the appropriate volumes 
mixed. About 4 ml. was then withdrawn by a pipette and run 
quickly into the dilatometer. By this method dilatometer read¬ 
ings could be obtained within ij min. of the start of the 
experiment. 

The fall of the meniscus in the dilatometer tube was followed 
very accurately by a cathetometer reading to 0*01 mm. Since 
the dilatometers had different capacities and slightly different 
volumes were used in each run, the final contraction (A h^) was 
different in each case and the simple rates of fall of the meniscus 
were not comparable. To derive the rate of polymerization, 
i/A*« X dh/dt, the experiment was in many cases followed to 
completion to obtain A. However, when the systems were left 
for long periods (24-28 hr), anomalies sometimes occurred, such as 
the formation of bubbles, or slight distillation of solvents to the 
upper part of the dilatometer. It w*as, therefore, found more 
reliable to calculate Afrom the initial volume and the known 
concentration of monomer. 

The theoretical change of volume can be calculated from the 
densities of styrene monomer (0*9056 g. cm.- 8 ) and polymer 
(1*070 g. cm.- 8 ) to be 0*170 cm. 8 g.- 1 . If the mixing properties 
of monomer and polymer with the solvent are the same, the same 
volume change will be shown by solutions. Calibration of the 
dilatometer tubes, therefore, makes it possible to calculate the 
expected change of height corresponding to complete polymeriza¬ 
tion. Table 1 shows good agreement between calculated and 
observed values of A h# for solutions of concentration 181 g./l. 

At the end of the experiment the solution was carefully 
washed out of the dilatometer and the solvent and any un¬ 
changed monomer removed by steam distillation. By this 
method the polymer was isolated quantitatively in a light flaky 
form very suitable for filtration and drying. Traces of stannic 
hydroxide formed by hydrolysis of the catalyst remained embedded in the 
polymer and were removed by dissolving in benzene and filtration. Molecular 
weights were determined from the intrinsic viscosities in benzene at 25 0 C, 
using Bamlord and Dewar’s relation, 8 

M ~ 4*57 X io- s A/°* e6 , 

TABLE I.— Calibration of Dilatometers 



Fig. 1.—The 
Dilatometer. 


Dil. No. 

Calibration of 
Tube 
(mm. /ml) 

V 

(ml.) 

1 . 

174 

4*32 

4*33 

4*22 

II . 

167 

3*75 

3*75 

Ill 

167 

4*44 


Aha 

(mm.) 

Aha IV 

Ah* IV 
(Calc.) 

23*0 

5*32 


23*5 

5*44 

5*36 

22*2 

5*25 


19*3 

5*15 

5*13 

18*6 

4*96 


22*6 

5*09 

5*13 


where M — mol. \vt., [tj] — lim^o (i?sp/c), c «= base mole (104 g)/l. The polymers 
obtained in this work were all of relatively low molecular weight (up to 10,000) 
but nevertheless, it was necessary to extrapolate the viscosities to zero con¬ 
centration. Values of the intrinsic viscosity so obtained were reproducible to 
1 %• 

8 Bamford and Dewar, Proc. Roy. Soc . A, 1948, 192, 309. 
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Monomer and solvent were purified and dried (over Na or l\ 0 6 ), as described 
in the previous paper, 65 and stored in stoppered bottles in a large desiccator. 
All-glass apparatus was dried at no 0 C before use and cooled in a stream of air 
dried by passing through P 2 0 5 . 


Results 

With the dilatometers described above the course of polymerization could 
be followed conveniently from a time about 1J min. after the start of the reaction. 
No induction periods greater than this time were ever observed so they were 
assumed to be absent even over shorter periods. The fall of the meniscus 
proceeded continuously at a decreasing rate as monomer was consumed, but 
over about the first 20 % of reaction the rate was sensibly constant, permitting 
extrapolation to zero height in the tube and accurate determination of the initial 
rate. 

The Effect of Stannic Chloride Concentration.— A series ol experi¬ 
ments was performed at constant monomer concentration (20 % by volume, 
1*74 moles per litre) in ethylene dichloride, with different catalyst concentration 
over a tenfold range. Reproducible results (Table II, Fig. 2) were obtained, 
indicating a linear dependence of rate, and molecular weights independent of 
stannic chloride concentration. 



ITg. 2.—The dependence of rate on concentration of stannic chloride. 


TABLE 11.— The Effect of Stannic Chloride Concentration 
[A/] 0 — i*74 (in ethylene dichloride) T — 25 0 C 


Expt. | 

[SnCh] 

X IO> 

dk/dt 

(mm./min.) 

1 d k 
A*oo X cU 

X IO 2 

- a m 1 

d / 

1 x 10* 

1 

! M 

■ ! 

Mol. wt. 

96 

o *9 

0*20 

1*04 

i-8i 

! 1-82 

10,000 

97 

o *9 

o *33 

1 *43 

2*49 

; 1*85 

10,400 

98 

1*35 

0*40 

2*08 

3 * 6 i 

— 

— 

95 ; 

2*25 

o*86 

3*7 

6*45 

1-88 

10,700 

90 

4*5 

i*6o 

6-93 

12*0 

1-85 

10,400 

91 

4*5 

1*64 

7*26 

12*6 

i-8o 

10,500 

89 

9 *° 

2*95 

12-55 

21*8 

1-84 

10,300 

114 

9 -o 

3*34 

14-8 

25*9 

(1-22 

5.500) 
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These molecular weights are rather greater than expected in this solvent at this 
monomer concentration—usually values of 5000-5500 are obtained, as in Expt. 
114. The higher values, in Expt. 89-97, were traced to a slight contamination 
of the batch of monomer with polymer produced photochemically or by oxida¬ 
tion on storage. This (radical-induced) polymer has a much higher molecular 
weight than that produced by the stannic chloride ; hence, very small traces are 
enough to raise the average molecular weight quite considerably. However, 
in the above experiments this error affects all the results equally and does not 
impair the conclusion that the molecular weight of the polymer is independent 
of the catalyst concentration. 

The Effect of Styrene Concentration. —Where the dielectric constants 
of monomer and solvent are different, as in this case, we must expect a composite 
effect of monomer concentration on rate of polymerization and molecular weight. 

TABLE III.— The Effect of Styrene Concentration 



Volume % 

[M ] 0 

- d[Af]/d* 

X IOO | 

1 

[9] 

Mol. Wt. 

Styrene 

Benzene 

Ethylene 

Dichloride 

5 

15 

80 

o*435 

0*96 

0*59 

1750 

IO 

IO 

80 

0*870 

5*02 

0*86 

3100 




0*870 

4-38 

— 

— 

15 

5 

80 

1*305 

11*1 i 

1*01 

4100 




1*305 

18*1 

o*99 

3900 

20 

0 

80 

i*74 

25*9 

1*22 

5500 




i*74 

21*8 

- 

1 _ 


Two influences will operate simultaneously : (a) the normal kinetic effect of 

increasing rate with increasing monomer concentration, and (b) an opposite effect 
due to the reduction of dielectric constant as the monomer (hydrocarbon) content 
increases. Such a composite effect has been observed by Norrish and Russell * 
in mixtures of isobutene and ethyl chloride. 



Fig. 3.—The dependence of rate on styrene concentration. 

To obtain the true kinetic effect of monomer concentration, the dielectric 
constant of the solution must be kept constant while the monomer content is 
varied. This was achieved in these experiments by carrying out the polymer¬ 
izations in ternary mixtures of ethylene dichloride, styrene and benzene. The 
dielectric constant of the solutions was kept effectively constant by keeping a 
fixed proportion of ethylene dichloride to total hydrocarbon and the monomer 
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concentration varied by altering the proportion of styrene to benzene. Under 
these conditions no falling off of rate due to decrease of dielectric constant was 
observed up to the highest monomer concentration used, 20 % by volume or 
i*74 mole/litre. 

Fig. 3 shows the rate of polymerization plotted against the square of the 
styrene concentration. The straight line seems justified, though the scatter of 
points makes it just possible that a cube relation would also fit. However, a 
log-log plot gives an exponent of 2*3, so the second power relation is more plausible. 



Flo. 4.—The effect of initial styrene concentration on molecular weight. 

The molecular weights are best described as directly proportional to the 
monomer concentration. As can be seen from Fig. 4, the points at the highest 
monomer concentration lie somewhat below the linear relation, but a plot against 
the square root of the concentration shows a much greater deviation. In Fig. 4 
the circles refer to polymer isolated from the dilatometer at the end of the re¬ 
action and the squares to samples taken at about 50-80 % polymerization. 

Discussion 

The above results lead to the kinetic relations— 

(i) Rate proportional to [M] % x [c], where [Af] = styrene 

cone., [c] == SnCl 4 cone. ; 

(ii) Mol. wt. proportional to [M] (independent of [c]). 

These relations confirm previous results as far as comparisons are 
possible. Thus a linear dependence of rate on catalyst concentration was 
found also by Williams 1 with styrene, Eley and Pepper * with vinyl n-butyl 
ether, and Norrish and Russell 4 with isobutene (though here the catalyst 
appears to be the hydrate). Similarly, the independence of molecular 
weight of catalyst concentration was observed by Williams, and by the 
author in unpublished data on the polymerization of styrene in benzene 
and in nitrobenzene. There is conflict between the results reported here 
and those of Williams on the effect of monomer concentration on rate, 
which he records as proportional to the third or fourth power of the 
concentration. However, this dependence was derived from an analysis 
of the rate over the whole course of the reaction, a method now regarded 
as unreliable in polymer kinetics. 
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An apparent discrepancy between the results in this paper and that of 
Williams on the effect of monomer concentration on molecular weight is 
due to a different method of calculation from the intrinsic viscosity. If 
the molecular weight be taken as directly proportional to the intrinsic 
viscosity, then the results of Table III show proportionality between the 
molecular weight and the square root of the monomer concentration, as 
recorded by Williams. However, such a linear (Staudinger) relation 
between intrinsic viscosity and molecular weight is now known to be gener¬ 
ally invalid, and Bamford and Dewar 8 have found for low molecular 
weight polystyrenes that 

fo] == 4*57 x io~ 3 x M 0 * 68 . 

If the molecular weights are calculated from this relation, one finds a 
linear dependence on the monomer concentration. 

One weakness in the molecular weight data reported here is that they 
refer to polymer isolated at the end of the reaction. Samples taken 
during the reaction (55-80 % polymerization) have, as a rule, slightly 
( ca . 5 %) greater average molecular weights, indicating that the molec¬ 
ular weight falls as the monomer concentration decreases, as shown also 
by the series of experiments at different initial monomer concentration. 
However, if the dependence is in fact linear, as suggested, it is immaterial 
when the samples are taken. 

The above kinetic relations can be explained by the very simple scheme 
suggested by Eley and Pepper, 2 viz.: 


Initiation 

M + C 

Propagation \ 

r p; + m 

i 1 ' 

1 

1 

lp: + m 

Termination 

Pi - - 


MC(PJ) ion or polarized molecule. 

p« 

p. + C. 


Making the usual assumptions of a stationary state and identity of all 
the propagation rate constants, we derive: 


Rate = k< ~ k * x [M]*[C], 

"I 


Mol. wt. — 


K 

k t 


X [M]. 


Such a scheme leads to the observed relations, and by providing for 
the liberation of the catalyst in the termination process, accounts for 
the formation of many polymer chains per molecule of catalyst (about 
40 at the lowest catalyst concentration and 4 at the highest). 

An alternative explanation of this fact, and also of the relatively low 
molecular weights found in this type of polymerization, is that chain 
transfer by monomer or solvent is taking place. However, this would 
necessitate more complicated kinetic dependences than those found above, 
and there is as yet no other evidence for such transfer processes in this 
system. Eley has recently found evidence for monomer transfer in related 
systems. 2 

The nature of the monomer-catalyst complex is not specified, but a 
plausible suggestion would be the polarized molecule proposed by Price. 10 
On the other hand, the marked effect of the dielectric constant of the 
solvent on these polymerizations strongly suggests that true ions play 
a part. If so, a possible initiating mechanism might be the reaction of 
stannic chloride with the solvent, e.g. 


SnCl 4 + C.H.Ci* -* SnCi;+ C a H 4 Cl+ 


2 Eley (private communication). 

10 Price, Reactions at C — C Double Bonds (New York, 1946). 
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followed by combination of one or other ion with the monomer. Similar 
reactions 11 are known with A1C1 3 , and there is evidence for some ioniza 
tion process such as this in solutions of stannic chloride in nitroparaflfins 
where large conductivities are shown. 

The observed catalyst and monomer dependencies do not agree with 
kinetic schemes involving termination by combination of a polymer ion 
with another ion of opposite sign, or by mutual combination of oppositely- 
charged polymer ions. The suggestion of such a termination process 
advanced earlier by the author, based on general arguments from the 
effect of dielectric constant on the molecular weight is, therefore, not 
borne out by the kinetic evidence. 

Such bimolecular termination reactions have been proposed by 
Polanyi 12 and by Norrish and Russell 4 in polymerizations where the 
hydrate of the catalyst appears to be the effective initiator. Here it is 
difficult to assess the role of water with certainty. Small traces of water 
were no doubt present in the systems here described (due to access from 
the air, or already present as hydrate in the stannic chloride), but certainly 
played no dominant part. If the hydrate were responsible for the 
initiation one would not expect the observed smooth dependence of rate 
on stannic chloride concentration, since the amount of hydrate would 
depend on the (arbitrary) concentration of water. Moreover, the addi¬ 
tion of small traces of water is found definitely to retard the polymer¬ 
ization in ethylene dichloride (and in nitrobenzene) at 25 0 C. The con¬ 
clusion seems to be that under these conditions the catalyst is the an¬ 
hydrous halide (or ions derived from it) rather than the hydrate. 

Further work is needed to settle this and other obscure points. It is 
not impossible that different mechanisms operate at — ioo° and at 25 0 C, 
since processes energetically unfavourable at the lower temperature might 
well be quite rapid at the higher. Also, the dielectric nature of the medium 
may affect the mechanisms as well as the rate of any one process ; in 
solvents of high dielectric constant processes involving true ionic dissoci¬ 
ation will be favoured, while at low dielectric constant only polarized 
molecules may result. 

Trinity College , 

Dublin. 


11 Wertyporoch and Firla, Annalen, 1933, 500, 287. 

12 Polanyi, Nature, 1946, 158, 223. 


THERMAL DIFFUSION POTENTIALS IN NON- 
ISOTHERMAL ELECTROLYTIC SYSTEMS 


By H. J. V. Tyrrell and G. L. Hollis 
Received 15th November, 1948 


In general, the presence of a temperature gradient in an electrolyte gives 
rise to a potential gradient, the thermal diffusion potential. Potentials of this 
type have been studied in cells consisting of two electrodes immersed in the 
same electrolyte, one electrode being heated relative to the other. It has been 
shown that they are approximately independent of the total ionic concentration, 
and of the absolute temperature of the system, but are greatly influenced by 
the presence of H + or OH“. The experimental data have been considered in 
the light of an equation derived from rate process theory, and the possibility of 
obtaining absolute values for thermal diffusion potentials discussed. 
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If a non-isothermal cell of the type : 

Solution 

Electrode (concentration c) Electrode . Type a 

T,. T % 

is set up, taking simple precautions to prevent mixing by thermal con¬ 
vection, the measured e.m.f., while constant and characteristic, cannot 
be calculated from the conventional temperature coefficient of the elec¬ 
trode. This quantity is invariably measured in an isothermal cell of 
the type, 1 

A * :A 8 CI |(act”t C y« ± )| H - ;Pt ' 

the standard e.m.f., E°, being measured over a range of temperature* 
The potential of the normal hydrogen electrode is arbitrarily assumed to 
be zero at all temperatures, 1 * and dE°/dT is termed the temperature co¬ 
efficient of the silver-silver chloride electrode. The difference between 
the observed value of the e.m.f. for the cell, 

Ag : AgCl | ^ MC1 T> | AgCl : Ag, 

and that calculated from dE°/dT depends on the total ionic composition 
of the solution. It is due partly to the arbitrary assumption that the 
normal hydrogen electrode has a temperature coefficient of zero, and 
partly to the existence of a potential between the hot and cold portions 
of the electrolyte arising from the tendency of different ions to diffuse 
at different rates under a thermal gradient, and analogous to the diffusion 
potential which exists across a concentration gradient in such a solution. 
These potentials are termed “ thermal diffusion potentials ” in the present 
paper. 

Non-isothermal systems of the above type have been studied by several 
workers with the object of calculating the true temperature coefficient 
of the hydrogen electrode and the entropy change in the electrode reaction, 

£H a -*H+ + e. 

The majority measured the e.m.f. A <j> of Type a cells over a range of tem¬ 
perature and employed entropy data 8 or conventional temperature co¬ 
efficients of electrodes 4 * * in their calculations. Alternatively, the heat 
absorbed or evolved at the electrode when i g. ion of substance was 
dissolved from, or deposited at, the electrodes (molar Peltier heat II) 
was measured 8 and related to the value of d^jdT for the corresponding 
Type a cell by a relation similar to the Thomson equation for metallic 
thermocouples, 

n = z i FT(d^/dT), 

where z t is the valency of the ion to which the electrode is reversible. 
Lange and Hesse found the equation to hold fairly well, 17 varying with 
the ionic composition of the electrolyte in the same way as d^/dT.® The 
dependence of the experimental values upon the total ionic concentration 
showed the existence of thermal diffusion potentials, and in order to cal¬ 
culate the true temperature coefficient of the hydrogen electrode it is 
necessary to determine their value, although this fact was not always 
recognised. 7 All previous attempts to calculate them have been based 
on their thermodynamic derivation in terms of the empirical " entropies 
of transfer,” due to Eastman, 8 and to Wagner. 8 The entropy of transfer 

1 Earned and Ehlers, J. Amer. Chetn. Soc ., 1932, 54, 1350. 

* Lewis and Randall, Thermodynamics (McGraw-Hill, 1923), p. 431. 

8 E.g. Bernhardt and Crockford, J. Physic. Chern ., 1942, 46, 473. 

4 Gilbert, Faraday Soc., Discussions, 1947, I, 320. 

6 Lange and Hesse, Z. Elektrochem., 1932, 38, 428. 

8 Lange and Hesse, ibid., 1933, 39, 374. 

7 E.g. KolthofE and Tckelenburg, Rec. Trav. Chim., 1927, 46, 18. 

8 Eastman, J. Amer. Chem. Soc., 1928, 50, 292. 

8 Wagner, Ann. Physik, 1929, 3, 629 ; 1930, 6, 370. 
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of an ion was defined as the entropy decrease of the system at one point 
and increase at another when i g. ion was removed from the first point 
and transferred to the second point within the system, and values were 
calculated by Eastman from some early data of Podzus on cells of the 
type, 


Hg: Hg 2 Cl t 


Soln. i 

Soln. 2 . 

. Soln. 2 : Soln. i . 

. Soln. i 

at Tj 

at Tj . . 

. . at T t i at T t . . 

. at T, 


Hg.Cl, : Hg. 


For this purpose, Eastman assumed a relation between the magnitude 
of the Soret effect and the mobilities of the ions which had little experi¬ 
mental basis. Any errors in these entropies of transfer would of course 
lead to errors in the computed temperature coefficients. In addition, 
these refer to the concentrations at which the experiments were carried 
out, not to the “ normal ’’ electrode. Thus the results of different workers 
cannot readily be compared. 

The Eastman-Wagner thermodynamic treatment yields an expression 
for d^/dT in terms of the true temperature coefficient of the normal elec¬ 
trode d<f>°/dT, the activity of the ion, and the thermal diffusion potential J. 
It is shown in this paper that (d^° fdT) -f J can be obtained by an extra¬ 
polation method using a modified Eastman-Wagner equation. Values 
of this quantity have been calculated from new data on Type A cells using 
silver, silver-silver bromide, and silver-silver chloride electrodes, and 
from some of the earlier values. The nature of thermal diffusion potentials 
is discussed in the light of these results, and an equation derived from rate 
process theory. 


Theoretical 

(i) Extrapolation Formula.—The thermodynamic treatment of 
Eastman and Wagner yields the following equation, 

cty/dr = - A S/z,F -• S*/F - £ n + S*/F + £ n_S*/F . (i) 

where SJ, S*, S* arc entropies of transfer of electrons in the metallic 
conductor, of cations and of anions respectively in the solution, ti¬ 
the transport numbers of the ions, and AS the entropy change per g. mol. 
in the reaction (considering silver-silver chloride electrodes), 

AgCl -f e Ag -f- Cl~ 

Lattice Lattice Solution 

AS may be written in terms of the partial molar entropies, 

AS = S± g -f Sol-^Agcl — S«, 

The only variable in this equation is the partial molar entropy of the chloride 
ion which may be written, 


— S c i- = d/ici-/dr =■ d^./dT -f R In a c 1- -f RT d/dT (In a c i-), 

Soi- = Soi- - R In <*ci- - RT d/dT(ln a 0 i-), 

Substituting in (i), 

d* A5 ° , *1 , RT d n 

in a cl - + -p (In aar) 

- Sg./F - 2 *+S*IF + 2 n.S*/F, 

where AS 0 is the entropy change per g. mol. in the above reaction when 
the solution contains chloride ions at unit activity. The conducting 
electrons in the electrode lattice at the temperature of the electrode are 
regarded as being in the standard state. This standard state thus differs 
for each electrode system but this fact may be neglected in the present 
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discussion. The S* terms may be put equal to some quantity /, the 
“ non-isothermal ” part of the measured value of d 0 /d 7 \ Of the remaining 
terms, In a c 1-, and d/d T (In a c 1-) are unknown at finite concentrations. 
However, 

d/d T (In a <) = - L { /RT\ 

where L, is the relative partial heat capacity of the zth ion. In dilute 
solutions, for a univalent ion in a uni-univalent electrolyte, the simple 
Debye-Huckel theory gives, for an aqueous solution at 25 0 C, 

l°gio/< = - 0-50 v ft 

d*/d T - 2-303 R/F log,, Coi- + ^ ^ + J, 

writing d^°/dT for — A S°/F. Terms on the left-hand side can be meas¬ 
ured or computed ; of those on the right, d<f>°/dT is constant, L C \-/(FT) 
tends to zero as c -> o, and J tends to some limiting value J\ Thus 
(d<f>°/dT) -}- /' can be found by plotting the left-hand side against some 
suitable function of c, say V c, and extrapolating to zero. 

(ii) Calculation of Thermal Diffusion Potential by Rate Process 
Theory.—The method used by Glasstone, Laidler, and Eyring for the 
calculation of the diffusion of an electrolyte under the influence of a 
concentration gradient 10 may be adapted for this purpose. Using this 
it can be shown that the net rate of transfer of the ith ion in the forward 
direction is : 

NXc { (k f - k")(i + a w/kT) + NXc t (k"/kT) x w, 

where k\ k" are the specific rates in the forward and backward directions 
respectively, A the distance between two successive equilibrium positions 
of the ion, c t the concentration, w the work done in moving it from one 
equilibrium position to the next, and a the proportion of ions in the 
activated state. If AG*f is the free energy of activation of transfer, 

V - kT/h exp [- A G+/RT], 

k" ~ k/h.(T -JrAdT/dx) exp [-(AG? + Ad/d*(AGf ))/R(T + AdT/d*)], 

— k/h.(T -f Ad T/dx) exp [—AGf/RT] exp [-Ad/d*(AGf)/R 7 'J. 

.-.Ii' - h* - kT/h exp [ — AGf/RT]x (X/RT xd/d*(AGg)) -* # Ad/d*(ln T), 
~ k*(A/RT x d/d*(AG*) - Ax d/dx (In T)). 

.-. Net rate of transfer 

„ f 1 d d .. „, v \l NACtk* 

“ m c ‘ k Ur x d^ (AGr) ~S (ln 2) ) + ~W~ * 

Now, 

w — Ax dli /dx x 

A = x%\ 

where dE/dx is the potential gradient in the solution, z %t D ( the valency 
and diffusion coefficient respectively of the ion, and e the electronic charge. 
.*. Net rate of transfer 


' “’-‘‘[bt x E (4cfl ~ JJ < ln T >] 

NDiCfZiFr 1 , d .. RT 


dE 

~ ~~ x e x -r- 

kT dx 


Ilf* E< 4G n-,7 x E (toT)+ ff! 


10 GJasstone, Laidler and Eyring, Theory of Rate Processes (McGraw-Hill, 
1941 ). P- 552 . 
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At equilibrium, the rates of transfer for each ion are equal, 
a uni-univalent electrolyte, 


Thus, for 


ND+cFr 
RT L 




RT _d 
F dx 


"» 71 + e] 


dEi 

dx J* 


d E 

' dx 


R v £>+ - ZL /dT\ 1 , D { d/d*(AG*) - ZL djdx^Gt) 
" X " ZL\ ' “ " 


D + + 


d x) F 


A +D- 


Changing the variables this becomes, 

dE __ D 4 (d/dT(AG?) - R) - ZL(d/dT(AG*) - R) 
d T ~ ' D± 4- D _ 


But it may be shown that, 


A - 


RT 

z\F* 


x 


A t , 


where is the equivalent conductivity of the ion. 


dE ^ _ A + (d/dT(Mf) -- R) - A. (d/d T(AG*) - R ) 
dT F x (A h 4- A_) 

The terms (d/d7'(AGf) — R) are entropy terms and can be put equal 
to 4- S*, Eastman's entropy of transfer, i.c. the rate process theory and 
the thermodynamic approach give identical equations for the thermal 
diffusion potential. The remaining “ non-isothermal ” term in the 
Eastman-Wagner equation arises from thermo-electric effects in the 
conductor which have not been considered in the above. 


Experimental 

Solutions were prepared from the purest available materials. Because of 
the high resistance of the cell used, potential measurements were made with a 
Marconi pH meter, Type TF 51 iD. This limited the accuracy tp about 1 mV, 
and it was not therefore necessary to use highly purified electrolytes. 

Silver electrodes were made by heating a paste of silver oxide and water on 
a platinum spiral in an alcohol flame until a spongy mass of silver was formed. 
Silver-silver chloride electrodes were made from these by anodic treatment in 
dilute HC1. 4 Silver-silver bromide electrodes were prepared in the dry way 11 
by heating a paste of 90 % silver oxide and 10 % silver bromatc to about 
700’ (alcohol flame or electric furnace). These were more satisfactory than 
those prepared by decomposition of silver oxide and subsequent electrolysis. 

Two types of cell were used, the design of both being such that concentration 
changes round the electrodes were minimized. One consisted of two electrode 
vessels connected by a long bridge of narrow glass tubing bent so as to reduce 
thermal diffusion between the electrodes. The other, used in the majority of 
the experiments, was an H-type cell, the upright limbs, containing the ther¬ 
mometers and the electrodes, having jackets through which water could be cir¬ 
culated. A three-way glass tap was placed in the narrow transverse limb, 
measurements of the e.m.f. of the cell being made with this tap closed. The 
temperature gradient in this cell lay mainly in the transverse limb. The third 
leg of the three-way tap could be used for checking the potential of each test 
electrode against an external standard. All experiments in this cell were carried 
out in an atmosphere of purified nitrogen, electrolyte saturated with the gas 
being forced over from an auxiliary flask, and stirred by passing a slow r stream 
of the gas through each limb of the cell. Both water-jackets were filled, one 
being heated gently with a microburner, and the other kept cool by passing a 
slow stream of water through. Temperatures were measured to the nearest 
fifth of a degree by means of thermometers placed close to the electrodes ; these 
had been previously checked against one another over the whole working range. 
The upper limit of this was fixed at 50° C. If heated above this temperature 

11 Keston, J, Amer. Chem. Soc., 1935, 57, 1671. 
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the electrodes sometimes failed to return to their reversible value on cooling 
to room temperature. The cell was blackened externally as a precaution against 
light effects at the electrodes. 

When the vessel was filled with solution, one limb was heated gently until 
the difference in temperature was about io° C, and the microbumer removed. 
The electrode was left for a few minutes to come to thermal equilibrium with 
its immediate surroundings, and a reading taken of the e.m.f. A^ of the cell, the 
temperature difference A T being noted simultaneously. This was repeated at 
gradually increasing temperature intervals until the electrode reached a tem¬ 
perature of not more than 50° C. The cell was then allowed to cool, simultaneous 
readings of e.m.f. and the temperatures of the two electrodes being taken. 
Results were rejected if the cooling curve did not coincide with the heating curve, 
or if the heated electrode did not return to its original potential. No special 
precautions were taken to keep the cold electrode at a constant temperature, 
and its temperature sometimes changed by a degree or two ; this was not im¬ 
portant since the temperature difference was measured at each potential reading, 
and the variation of A <f> with A T was found to be linear within the limits of 
experimental error. 


Results 

The results obtained in the present work show that over the temperature 
range 20°~5o°, Athe observed e.m.f. of a Type a cell was approximately a 
linear function of AT, the temperature difference between the electrodes. 
Approximately two hundred curves of this type were obtained, a small selection 
being shown in Fig. 1. A slight flattening of the curve sometimes occurred at 



Fig. 1. — Variation of A^ with AT. 

the upper end of the temperature range but when a mean slope d^/dT was 
calculated for each experiment by the method of averages, 1 * the experimental 
points did not deviate from the calculated line by more than the experimental 
error. The values used in the subsequent calculations were the means of results 
from two experiments on each of two different electrodes, the spread not being 
greater than 4r 0*01 mV/°C except in one or two cases. In all cases, a positive 
value of d^/dT signifies that the heated electrode was positive. 


Davies, Empirical Equations and Nomography (McGraw-Hill, 1943), p. 4. 




H. J. V. TYRRELL AND G. L. HOLLIS 417 

The validity of the extrapolation formula derived from the Eastman-Wagner 
equations was tested by plotting 

{d<j>/dT — 2-303R/JF X log 10 c ± 2-303 R/zF x V p) 

against VF for bromide solutions (silver-silver bromide electrodes) and chloride 
solutions (silver-silver chloride electrodes) (Fig. 2) using data obtained during 
the present investigation together with those of Bernhardt and Crockford.* 

TABLE I.— Extrapolated Values of (d<f>°/dT) ± and Uncorrected 
Values for the Partial Ionic Entropy of the Hydrogen Ion 


Electrode 

Electrolyte 

W/dT) + /' (mV/ B C) ( 

(cal. mole - 1 deg.- 1 ) 

Reference 

Ag-AgCl 

HC1 

-0-145 ± 0-005 

±3*7 

A 



— 0-I30 ± 0-002 

±3*4 

B 



— OIO ±0-02 

+27 

C 


LiCl 

±0*21 ±0*01 

~4*4 

B 


KCl 

4-0-210^0-005 

-4*4 

B 


NaCl 

4-0-205 ±0-005 

-4*3 

A 



±0-205 ±0-005 

-4*3 

B 


NH 4 Ci 

±0-230±0-0I0 

“4*7 

A 



±0-200 ±0-005 

-4*7 

B 

Ag-AgBr 

NaBr 

±0-320±0-0I 

-3*3 

A 


NH 4 Br 

±0-37 ±0-01 

“4*4 

A 

■ 


KBr 

! ±0-365 ±0-005 

-4-2 

A 

, 

75% KBr-25 % HBr 

±o-i8o±o-oi5 

-003 

A 


50% KBr- 5 o% HBr 

±0105 ±0005 

±i*7i 

A 


2 5 %KBr- 75 % HBr 

±0-045 ±0-005 

±3*05 

A 


HBr 

4-o-oo ±o-oi 

± 4* 1 

A 

Ag 

AgNO, 

— 0-22 ±0*01 

“3*i 

A 



— 0-26 

-2-1 

D 



I —0-27 

-1-9 

C 


25% HNO,-75% AgNO, 

1 -0-35 

1 

—0-06 

A 


A. Direct measurement, 2o°-5o° C, this paper. 

B. Direct measurement, 25°-35° C, s . 

C. Peltier heat, 25 0 C, 6 .*. 

D. Direct measurement, 2O°-0o° C, 1 *. 

For dilute solutions the ordinates were, in general, almost constant, suggesting 
that the non-isothermal portion of the b.m.f. was almost independent of con¬ 
centration. The gradual decrease shown at higher concentrations may have been 
due to the inadequacy of the extrapolation formula, the increasing importance 
of the d/d T (Ina*) term, to variations in /, or to combinations of these factors. 

Where possible, the published data together with those obtained in the present 
work have been extrapolated to zero concentration in this way, the results, 
together with the estimated errors in extrapolation, being shown in Table I, 
Richards' data on calomel electrodes, 14 and some Peltier heat measurements 
of Lange and Hesse *» • were unsuitable, the concentrations studied being limited 
and the results inconsistent with the extrapolation equation. In order to provide 
a basis for comparison between different electrodes, values for 3^ uncorrected 
for thermal diffusion effects have been calculated. 


1S Burian, Z. Elektrochem., 1931, 37, 238. 

14 Richards, Z. physik. Chem., 1897, 24, 39. 
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A few experiments were carried out on 50/50 mixtures of KOH and KBr 
using silver-silver bromide electrodes. In the most dilute solutions (N/1000, 
X/2000 in Br') the e.m.f. was increased by about 0-16 mV/°C by the presence 
of OH ions. In the more concentrated solutions the increase was greater (0*38 
mV/°C in a solution N/100 in Br') but the electrodes appeared to be affected by 
the presence of the high concentration of alkali. 



Fig. 2 a Extrapolation curves for Ag-AgCl electrodes. 
O Bernhardt and Crockford (3) 

X This paper. 


Discussion 

Fig. 2 shows that the mean d^/d T values can be represented quite well 
by a modified equation of the Eastman-Wagner type, using the simple 
Debye-Hiickel expression to represent the activity coefficient of the ion, 
the terms (d^°/dr) + / + d/d T (In a t ) remaining approximately constant 
up to o*i M. (d^°/dT) -f J' could therefore be determined by extrapolation 
with fair accuracy, and, being independent of concentration, was more 
useful for comparison purposes than were individual d^/dT values. 

It is clear from the data assembled in Table I that the most important 
factor influencing the values of (d<f>° jdT) -f /' was the presence of hydrogen 
or hydroxyl ions. With the convention adopted in this paper, that the 
heated electrode is taken as positive, it is evident that the thermal diffusion 
potential had a larger negative value in solutions containing hydrogen 
10ns than in solutions of neutral salts. The difference was approximately 
independent of the nature of the electrodes and of the other ions present. 
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the difference between HC 1 and KC 1 solutions with silver-silver chloride 
electrodes being almost the same as that between HBr and KBr solutions 
with silver-silver bromide electrodes. A similar effect was observed for 
mixtures of silver nitrate and nitric acid with silver electrodes, the diminu¬ 
tion being approximately that found for silver-silver bromide electrodes in 
a mixture of bromides containing the same proportion of acid. The differ¬ 
ences observed between individual neutral salts were comparatively small, 
and in most cases no larger than the experimental error, but addition of 
potassium hydroxide increased the e.m.f. of a silver-silver bromide cell 
containing KBr by a considerable amount. These effects can be quali¬ 
tatively explained in terms of the different rates of diffusion of ions under 
a temperature gradient. Diffusion occurs from the hot to the cold end 
of the cell (Soret effect) and ions like H+ and OH~ would be expected to 
diffuse more rapidly than others. At equilibrium, the rate of diffusion of 
all ions must be equal, and a potential which opposes the migration of 
the faster ions and accelerates that of the slower ones must therefore exist 
in the solution, i.e. the thermal diffusion potential will reduce the e.m.f. 
of the thermal cell when hydrogen ions are present, and increase it when 
hydroxyl ions are present. 

Both the Eastman-Wagner thermodynamic treatment, and the rate 
process theory approach outlined above, yield equivalent expressions for 
J in terms of the transport numbers and the entropies of transfer, or the 
entropies of activation of transfer of the ions present. The entropy 
terms cannot, at present, be related to known thermodynamic quantities. 
Eastman assumed the entropies of transfer to be constant over the range 
i5°-35°, almost independent of concentration, and positive. The rate 
process expression requires that 

d/dT(AGf) - R 

or -A S? - R== 5 *. 

There is probably some restriction in the activated state for ionic transfer 
and A 5 f is therefore negative. Sf is thus greater than — 2 cal. /deg. — JSf, 
and positive if — A Sf > R. A H* can be obtained from the variation 
in ionic mobility with temperature, and hence d/dT(A//f). On differ¬ 
entiating the Gibbs-Helmholtz equation, 

i.e. for d/dT(AG?) and hence S?, to be independent of T, A Hf must also 
be independent of T. This is not the case, as can be seen from Table II, 
A Hf decreasing as T increases. This table was constructed from values 
of ionic mobilities at infinite dilution obtained by Owen and Swceton 15 
and Gunning and Gordon. 1 * Therefore, d/dT(AGf) must increase with 
temperature, the change being roughly the same for all ions. The effect 
on the thermal diffusion potential in acid solutions is, however, com¬ 
paratively small. For H+ ions, d/dT(AGf) increases by 3*11 cal. /deg. 
over the range 288°-328° K, the increase for the chloride ion being much 
the same. 

Increase in ] over this range ~ (n H + — »d-) 3-11 cal./deg., 

~ 0*08 mV/°C. 

At the upper end of the range therefore, the experimental point in the 
A^/AT curve should lie about i*6 mV below the straight line drawn through 
the points lying at the lower end of the temperature range. This ignores 
any temperature variation of d<f>°/dT, and would be much less and possibly 
of a different sign in neutral salts. Thus the maximum theoretical variation 
in J is little more than the experimental error in the present experiments 
.and is, in practice, complicated by the unknown variation in d<f>°/dT. Data 

16 Owen and Sweeton, J. Amer. Chew. Soc ., 1941, 63, 2811. 

1# Gunning and Gordon, /. Chem . Physics, 1942, 10, 126. 
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for a more refined analysis do not exist, but it may be said that the ob¬ 
served values for the temperature coefficient of the mobilities of ions are 
consistent with the available results on thermal cells, and may account 
for the slight flattening of the A^/AT curves near the upper temperature 
limit for acid solutions. 

TABLE II. —Heats of Activation of Transfer at Infinite Dilution 
(cal./mole) Calculated from Conductivity Data 1B » 16 


~ Species 

Temp. °K 

H+ 

Na+ 

K+ 

Cl- (HC 1 ) 

Cl- (KC 1 ) 

278 

3090 

_ 

_ 

4580 

, 

288 

271° 

3080 

3680 

3930 

3880 

298 

2415 

3845 

3435 

3610 

35^0 

308 

2165 

3640 

3205 

3385 

3325 

3 i# 

1942 

3380 

3020 

3215 

3135 

328 

1770 

—. 

— 

3070 

— 

338 

1630 


. 

2950 

—- 


The entropies of transfer deduced by Eastman from Podzus’ data 
were used by Bernhardt and Crockford 3 to correct their observed d^/dT 
values for thermal diffusion potentials. A constant d<f>° jdT value for the 
hydrogen electrode was obtained ; the corrections were small except 
with ITC 1 solutions. This constancy is not unexpected since their experi¬ 
mental data were obtained in essentially the same way as those of Podzus. 



B O Extrapolated data on KBr-HBr mixtures (this paper). 

X Eastman's equation. 

A (n + - nj) 0*536 mV/°C. 

Eastman's figures may also be applied to the results of Richards on 
mixtures of HC 1 and KC 1 using calomel electrodes, 14 and to the present 
results on mixtures of HBr and KBr using silver-silver bromide electrodes ; 
a value of SJ r - being calculated from data on pure HBr and KBr (3-6 
cal./deg.). Fig. 3 shows the observed results, those calculated from 
Eastman's formula, and those calculated assuming the entropies of transfer 
of all the ions to be identical, i.e. that / can be represented by an equation 
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of the form K(n+ — nJ), where K is an empirical constant calculated 
from the observed difference between the pure solutions. It can be seen 
that both formulae fit the results quite well, the form of the curve being 
due mainly to the very high transport number of the hydrogen ion. The 
values of Sf used are comparatively unimportant. Accurate data on 
these mixtures would allow Sf values to be calculated without the 
assumptions made by Eastman provided the results were extrapolated 
to zero concentration. 

Several authors have used data on non-isothermal cells to calculate 
the “ true ” temperature coefficient of the hydrogen electrode. In some 
cases the existence of thermal diffusion potentials 7 * 17 has been ignored, 
in others they were calculated by Eastman’s method. 8 For neutral 
chlorides, the corrections are not large and Gilbert 4 calculated an un¬ 
corrected value for the normal electrode of about — i*o mV/°C from ex¬ 
periments on KC 1 with silver-silver chloride electrodes. Bernhardt and 
Crockford’s 8 data extrapolated to obtain d^°/dT after correction for J\ 
gave a value of about •— o-86 mV/°C. These figures may be compared 
with a value of — 0-43 mV/°C obtained from a direct measurement in 
N sulphuric acid. 17 Deviations from the value of about — 0*9 mV/°C 
in other published figures are due to neglect of the thermal diffusion 
potentials. This value of course would be affected somewhat by changes 
in Eastman’s values for entropies of transfer. In addition, all measure¬ 
ments on non-isothermal cells are subject to an unknown error arising 
from the tendency to reach Soret equilibrium. Not only may concentra¬ 
tion changes round the electrodes influence the e.m.f. of the cell, but the 
thermal diffusion potential will decrease as the equilibrium is reached 
and the net transference of ions ceases. No detailed study of these changes 
has yet been made, and it is possible that the existing values for thermal 
diffusion potentials are too small, having been calculated from data on 
cells where Soret equilibrium may have been partly attained. This 
was true for the cells used in the present work since a temperature gradient 
in the heated limb was unavoidable. The experimental technique used 
did not permit the detection of any change in d<f>/dT with time correspond¬ 
ing to changes in the degree to which Soret equilibrium had been attained, 
and this is being made the subject of a separate study. 

True temperature coefficients of electrodes and thermal diffusion 
potentials become important in certain problems concerned with the 
effect of temperature on the corrosion of metals when it may be desirable 
to compare the potentials of corroding electrodes at different temper¬ 
atures. Comparison of the e.m.f. of cells of the type, 

Metal | Solution | Reference electrode 
at different temperatures does not give information about the change 
in potential at the metal-solution interface unless the change in potential 
of the reference electrode is known, while measurements in non-isothermal 
cells involve thermal diffusion potentials. These are independent of the 
total concentration at high dilutions, but will vary considerably with 
the pH under these conditions. For this reason non-isothermal systems 
should not be used in any study of corrosion by natural waters unless 
precautions to avoid changes in thermal diffusion potentials are taken. 


Conclusions 

(1) The variation in potential with temperature of a non-isothermal 
cell may be expressed at concentrations below o*i M by an equation of 
the form: * 1 


cty _ d<£° 

dT“ 5r + 


2-303J? 

2(F 


logio C, 


2 ' 3°3 
2 z,F 


V/* + /• 


H Bircher and Howells, J. Amer. Chem. Soc., 1926, 48, 34. 
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where J is the thermal diffusion potential and d<j> 0 /dT is the temperature 
coefficient of the standard electrode. 

(ii) J is approximately independent of the total concentration, and 
of the absolute temperature, but is greatly influenced by the presence of 
hydrogen or hydroxyl ions. 

(iii) It arises from the tendency of ions to diffuse at different speeds 
under a thermal gradient, the sign being such as to equalise these diffusion 
rates. The great effect of H + and OH“ is due to their high diffusion 
rat$s, those of other ions being apparently much smaller and approxim¬ 
ately equal. 

(iv) Identical expressions for J may be calculated thermodynamically 
and by a simple rate process method, of the form (for uni-univalent 
electrolyte), 

n+S* - n^S* 


Where S* is an entropy of transfer which cannot at present be calculated 
from other data. It is not independent of T and the rate process theory 
equation allows its variation to be calculated from the temperature co¬ 
efficients of ionic mobilities. The effect on J is too small to be detected 
in the available data. 

(v) Thermal diffusion potentials may be of importance in electro¬ 
chemical studies of corrosion phenomena. 

Department of Chemistry, 

Sheffield University, 

Sheffield 10. 


REVIEWS OF BOOKS 

Catalytic, Photochemical, Electrolytic Reactions (Technique of Organic 
Chemistry, Vol. II). Editor— Arnold Weissberger (Interscience 
Publishers, Inc., New York and London, 1948.) Pp. ix -f 219. 
Price 30s. 

It requires judgment and wisdom successfully to produce a series 
such as the Technique of Organic Chemistry of which the present book 
is the second volume. The field to be covered is broad and, in consequence, 
difficult to survey; the subject-matter ranges from the construction of 
high-pressure apparatus used by the chemical engineer to the minute 
and delicate glassware of the microchemist. The reader may be a plant 
manager in an industrial organization not primarily concerned with organic 
chemistry, who requires some details of a pneumatically-operated pressure- 
control valve ; or he may be a young postgraduate in search of the ap¬ 
proximate magnitude of the energy output of a 1000-watt filament lamp 
in a certain range of wave lengths—each can expect to find an answer 
somewhere in this series. 

Most chemists—and those directly concerned “with organic chemistry 
may well be in the minority—will have some acquaintance with the con¬ 
tents of Vol, I. The present volume deals with catalytic reactions (U. I. 
Komarewsky and C. H. Riesz), photochemical reactions (W. A. Noyes, 
Jr., and V. Boekelheode) and electrolytic reactions (S. Swann, Jr.), each 
section covering about 70 pages. As is inevitable, the approach, pre¬ 
sentation and standard of each section differ widely; the comments of a 
reviewer will in the same way depend on his interest and his requirements. 
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The chapter on catalytic reactions can best be summarized in terms 
of the references cited. In " the preparation of catalysts,” some 50 % of 
these refer to journals devoted to chemistry and, commendably, C tfails 
of important preparations are given in full; the remainder of the chapter 
is devoted to a few pages on laboratory technique normally us 1 in 
academic research, and about fifty pages to the techniques of the chemical 
engineer, wherein nearly all references are to engineering journals or journals 
of industiial chemistry. Thus the material is of interest and prim3 
portance to the technologist and few chemists will find that the chaq 3 
caters for their needs. Contrariwise, the second chapter may be regard 
by some as a model of what the average organic chemist would like \- 
have as a guide in setting up photochemical experiments, e.g. there i»’* 
lists of filters from mercury arc lines, detailed instructions on how to usi 
an uranyl oxalate actinometer, etc.—other readers will, however, complaint 
that some material is discussed in a cursory manner and would prefer tie 
elimination of semi-quantitative guides to allow the inclusion of more 
advanced techniques. 

The third chapter has a brief and elementary account of general 
” theory ” together with a description of some simplo techniques illustrated 
by a number of procedures. It includes reactions in which inorganic 
intermediates are formed and a variety of syntheses by electrolytic re¬ 
duction, oxidation, cathodic and anodic coupling, and substitution are 
given. It would be difficult to justify this chapter except for reasons 
of completeness 

Considering the volume as a whole, the standard is below that of 
Volume I and many will find it a somewhat disappointing book. 



at 


E KINETICS OF IONIC POLYMERIZATIONS 

RT I. THE POLYMERIZATION OF VINYL OCTYL ETHER 
CATALYZED BY IODINE 


By D. D. Eley and A. W. Richards 


Received nth November , 1948 


^The kiij|t|ps of polymerization of vinyl 2-cthyl hexyl ether have been measured 
the presence of the catalysts, iodine, stannic chloride, silver perchlorate, and 

t resol solutions of triphenylmethyl chloride. In the last case, the conditions 
gest that the polymerization is initiated by the carbonium ion. In the first 
se cases the accelerating influence of solvents of high dielectric constant 
Supports the view that the polymerizations involve an ionic mechanism. 
f The scheme of reaction thus involves positive ion or electrophilic initiation. 
If M indicates monomer, we have 


(«) 


(b) 

and perhaps 
(0 


2l.-*I + + I*. 

1 + f M -v M*. 

SnCl 4 + M -> SnCl 4 M', 
SnCl^M* | M -v 'M-SnCli-M^. 
AgClG 4 -f- M -> ^MrAgClQ 4 , 


or since water has an accelerating influence, 


M + H 2 0 AgC 10 4 -*■ MH+ + IIOAgClOr. 

(d) Ph,C+ + M -* Ph,C“M ». 

Termination of the chain is by a spontaneous loss of activity, thus explaining 
the kinetics in the stannic chloride case. With iodine and silver perchlorate, 
both the low value for the molecular weight of the polymer and its independence 
of monomer concentration support the operation of a transfer mechanism for 
these catalysts. The growing polymer possibly transfers its activity via a 
catalyst molecule or fragment, since the effect depends on the catalyst employed. 

An unsolved problem is the specific effect of water, which accelerates the 
reaction catalyzed by silver perchlorate, but has no effect on the reaction catalyzed 
by stannic chloride. 


There exist few kinetic measurements on ionic polymerizations, in 
marked contrast to the wealth of data available for radical polymeriza¬ 
tions. Investigations of this kind are urgently needed, to help sort out 
the speculations on reaction mechanism already available. We have 
accordingly studied the polymerization of 2-ethyl hexyl vinyl ether (vinyl 
octyl ether, V.O.E.) in the presence of four separate catalysts, iodine, 
stannic chloride and two new agents not previously used in polymer¬ 
izations, silver perchlorate and triphenyl methyl chloride. The vinyl 
ethers have been the subject of a classical paper by Chalmers, 1 who 
•established their susceptibility to iodine and halide catalysts, and assembled 
numerous data on their properties. The kinetics of polymerization of 
w-butyl vinyl ether by stannic chloride were subsequently studied by 
Eley and Pepper.* Satisfactory data at higher catalyst concentrations 
were precluded in their case by the non-iso thermal conditions prevailing. 
Even at lower catalyst concentrations a stationary state was never 
properly set up. However, the general results and kinetic scheme resulting 

1 Chalmers, Can, J, Res . B , 1932, 7, 464. 

* Eley and Pepper, Trans . Faraday Soc, t 1947> 43 > II2 * 
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from this investigation have been confirmed and extended j n our new 
work. We have found that vinyl octyl ether polymerizes ; more slowly 
than the vinyl w-butyl ether, and that in all cases a satisfactory stationary 
state is set up, a necessary prerequisite for the usual analysing 0 f j^etic 
data. We have replaced our original viscometric techniq- ue fcyi the 
simpler dilatometric method of following the reaction. We t\ ave found 
that all four catalysts fit into the same simple kinetic schefL e Rf^far 
the larger part of our work has been with the iodine catalyst, devote 

our first paper to this. Originally, the catalytic power of kfc^diae in, tjiis 
reaction set us a quite specific problem, in view of its inhibitory eSfcfets 
on radical polymerizations. This paper will show how it fh*. g intd^the 
general scheme of ionic catalysis. r 


Experimental 


\. 


The reaction velocity was followed in a 9 ml. dilatometer, which was fil^-wi 
with catalyst solution and diluent, cooled and pumped and the requisite volunS^j# 
of cooled monomer added under conditions of high vacuum. The dilatometer 



Fig. 1.—Intrinsic viscosity [17] plotted against the cryoscopic molecular weight. 


was sealed off and could be stored in liquid air if necessary, until required. It 
was placed in the thermostat at 25 0 C at zero time, and volume measurements 
taken with a cathetometer reading to o*oi mm. The volume per cm. of dilato¬ 
meter capillary was about 0*06 ml. in all cases, and was accurately calibrated. 

If the dilatometer contains A n g. of monomer, then since the density (JDj 50 ) 
of polymer and monomer is 0*890 and 0*812 g. cm.* 4 respectively, the molecular 
weight of the monomer is 156 and the volume of the dilatometer 9 ml., the poly¬ 
merization velocity J? in mole litre -1 min. -1 is 

n 6*6i dAv 

wnere Av is the contraction of the solution in ml. at time t. A high-vacuum 
technique was necessary because the vinyl ether formed a peroxide on standing 
in air, which markedly inhibited the reaction (see later). 

In general, the dilatometer was opened at 20 % polymerization and the 
polymer separated for molecular weight determination. This was done by 
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shaking the reaction mixture with N/100 sodium thiosulphate solution, which 
effectively destroyed the catalyst. The polymer solution was separated and 
pumped for 5 hr. at 6o° C and 15 mm. Hg pressure. This sufficed to remove 
all monomer and solvent and yielded the polymer, a sticky viscous material 
varying from light yellow to dark brown in colour. It was established that no 
degradation occurred in this process. Thus, no change was found in the specific 
viscosity of polymer pumped for 12 hr. under the above conditions, or even 
subsequently on heating for 2 days in air at 90° C. 

The molecular weights of the polymer were determined by the Staudinger 
method. In each case the viscosity of a petrol ether solution was measured 
at four or five different concentrations, and the intrinsic viscosity [17] determined 
by extrapolation of the plot of against i^ 8p ., which w r as linear in all ca.ses. 

Fig. 1 shows [t *1 plotted against the cryoscopic value of the molecular weight 
M for a series of samples. 8 If we express c in base mole per litre, then 

[17] = 5-0 X 10- 4 M. 

Materials. —The monomer, 2-ethyl hexyl vinyl ether (b.p. 75-76° at 32 mm.) 
was kindly supplied by The Distillers Company, Ltd., Research Department. 
It was freshly distilled in high vacuum before use. The solvent petrol ether 
was shaken with concentrated sulphuric acid, washed, dried and fractionated ; 
the 60-68° fraction was collected. The ether and ethylene dichloride were also 
dried and distilled before use : a.r. iodine was sublimed and used as a 0*5 % 
solution in the solvent concerned. 


Results 

The Time Course of the Reaction.—In this paper values of [C] are invari¬ 
ably given as millimole per litre (mmole/ 1 .) and [M] as moles per litre (mole/ 1 .). 
Fig. 2 gives a set of curves at various values of [C], the catalyst concentration. 



for a monomer concentration [M] of o-6 mole/ 1 . There is a small period of 
induction due to the warming-up of the dilatometer, after which a true stationary 
velocity of polymerization is set up. The velocities of polymerization are cal¬ 
culated from the initial slopes of these curves ; in fact, these approximate 
closely to straight lines over as much as 5 % of polymerization. All values of 
the velocity of reaction—d[M]/d< are given in mole l.- 1 min.** 1 . 


8 Huggins, Ind. Eng. Chem., 1943, 35, 980. 
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The Kinetics of the Reaction.—The results in Fig. 3 and 4 show that in 
all three solvents at 25 0 C the velocity oi polymerization follows the law, 

- dM/dt = A[MJ[C]* f 

where [M] is the concentration of monomer and [C] the concentration of catalyst. 



Fig. 3 (a), {b) t (c).—Effect of catalyst concentration [C] on reaction velocity 
(a) petrol ether, (6) diethyl ether, (c) ethylene dichloride. 



In varying the catalyst concentration, the monomer concentration was held 
constant at o*6 mole/ 1 . In varying the monomer concentration the catalyst 
concentration was held constant at 2*2 mmole/1, for petrol ether solvent, 4*4 
for diethyl ether and 0*55 for ethylene dichloride. Each series of experiments 
has given a value for the velocity constant k. 

It is satisfactory that the characteristic kinetics were also observed in diethyl 
ether as solvent, since in this case the dielectric constant of the mixture does not 
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change with increasing monomer concentration. The discrepancy between the 
values of k as determined from variations of [M] and variation of [C] almost 
certainly resides in this point. There is no discrepancy in the case of diethyl 
ether as solvent. 



The Molecular Weight of the Polymers. —Table II shows that varia¬ 
tions in monomer or catalyst concentration exert no systematic effect on the 
molecular weight of the polymer at 20 % polymerization, in all three solvents. 

TABLE I.— Rate Constants 


Solvent 

k 

(1.* mole- 2 min.- 1 ) 

Petrol ether 

Diethyl ether . 

Ethylene dichloride . 

fo-8 X io® 

\o*3 x io* * 
i*o x 10® 
i-o X io® 

/ 213 X 10® 

\I 47 X 10®* 

* Value for [M] constant. 


Further, the molecular weight stayed steady throughout the reaction up to 
100 % polymerization, which strongly supports our subsequent assumption of 
a stationary concentration of active species. It was observed, however, that 
a large rise in molecular weight could occur after 100 % polymerization, if the 
reaction mixture were left with the catalyst undestroyed. Thus we took a 
particular case of a polymer of mol. wt. 1400 ([.M] = o*6 mdle/l., [C] = 4*4 
mmole/l.) with results shown in Table III. 
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From the point of view of this investigation it was most important to destroy 
the catalyst efficiently and isolate the polymer immediately. 

TABLE II.— Molecular Weight of Polymer 


(20 % polymerization, 25 0 C) 


Petrol Ether 

Diethyl Ether 

Ethylene Dichloride 

[M] — o*6 mole/ 1 . 

[M] - 0*58 mole/ 1 . 

[M]«« o*6 mole/ 1 . 

[C] mmole/1. 

Mol. wt. 

[C] mmole/ 1 . 

Mol. wt. 


Mol. wt. 

2'l8 

1000 

1*1 

800 

1*1 

1050 

4*37 

1600 

2*18 

800 

o -55 

780 

6-56 

980 

3-3 

1000 

0-44 

780 

8-75 

I IOO 

4*37 

iooo 

o *35 

1050 

10*9 

980 

6-56 

800 

o *33 

780 

[C] — 2*2 mmole/ 1 . 

[C] — 4*4 mmole/ 1 . 

[C] =» 0*55 mmole/I. 

M mole/ 1 . 

Mol. wt. 

M mole/ 1 . 

Mol. wt. 

M mole/1. 

Mol. wt. 

0*78 

1400 

0*23 

800 

o*6 

750 

i *3 

iooo 

o -35 

800 

o -45 

780 

i*6 

1600 

0-58 

950 

0*3 

750 

2*6 

950 

0*87 

800 

o*i8 

750 



I*i 5 

800 




TABLE III.— Increase in Molecular Weight after ioo % 
Polymerization 


Time (hr.) . 

i*o 1*33 i*66 2 

17 

25 

40 

90 

240 

Mol. wt. x io* 8 . 

1*4 1*4 2*0 2*0 

2*4 

2*6 

2-8 

3*4 

6-4 


Effect of Dielectric Constant of Solvent. —Pepper's results with stannic 
chloride—oe-methyl styrene make it important to investigate this effect. 4 We 
find a most marked increase of velocity with dielectric constant, in agreement 
with Pepper. The velocity constant increases approximately exponentially with 
e, as shown in Fig. 5. On the other hand, the molecular weight at 20 % poly¬ 
merization is quite unaffected. We have extended these results to acetone 
(f — 25D), where the velocity was immeasurably fast and the molecular weight 
still only 1100. 

Effect of Temperature. —The effect of temperature on the reaction velocity 
has been determined for standard conditions ; [C] = 4*4 mmole/l., [M] = o*6 
mole/ 1 , for petrol ether, and [C] — o*i mmole/ 1 ., [M] — o*6 mole/ 1 , for ethylene 
dichloride. The results are shown in Fig. 6, from which " overall " activation 
energies of 10,000 cal. (petrol ether) and 16,000 cal. (ethylene dichloride) are 
calculated. The increased polymerization velocity in the solvent of higher 
dielectric constant is thus not due, as one might at first sight expect, to a lower 
overall energy of activation. 

Increased temperature has only a small effect on the molecular weight of 
the product, leading to a decrease, as shown in Table IV. The experiments 
are under comparable conditions, and special care was taken with the molecular 
weight determinations. 


4 Pepper, Nature, 1946, 158, 789. 
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In each case we have an <f activation energy ” of about — 33 °° cal./mol. 
Iodine Analysis. —There is no reason at present to do otherwise than assume 
the polymer is an ordinary linear vinyl polymer. It is of interest to analyze 
for catalyst fragments (iodine) and double bonds. 



Fig. 5.' —Dependence of log 10 k on dielectric constant of solvent c. 

In the first place, polymerization mixtures at 100 % polymerization were 
treated with an excess of aqueous N/100 sodium thiosulphate and then back 
titrated with aqueous N/100 iodine solution until the blue starch-iodine complex 
was formed. Thus, for example, a reaction mixture which had been poly¬ 
merized with 2 ml. 0*5 % iodine solution was examined. This amount of 
iodine equals 8*o ml. N/100 thiosulphate. However, at completion of reaction 

TABLE IV.— Effect of Temperature on Molecular Weight 


Petrol Ether 


[M] — o-6 mole/ 1 , 

■»[C] ■* 4-4 mmole/ 1 . 

t° C 

Mol. wt. 

25 

1800 

35 

1500 

40 

1200 

44 

1000 

48 

IOOO 


Ethylene Dichloride 


[M] *» o-6 mole/ 1 . 

; [C] = o-i mmole/ 1 . 

t ° c 

Mol. wt. 

25 

1050 

40 

780 

46 

780 

52 

700 


640 


the titration value was only 3*8 ml., showing that over half the added iodine 
was chemically bound in either the polymer or the solvent, and was not avail¬ 
able for titration. This result (up to 80 % of iodine being bound) was found 
in a series of 10 experiments. 

If the polymer were isolated by the ordinary method, analysis showed it to 
contain no iodine, and we were thus set the problem as to the destination of the 
iodine. In following up this problem we have found that the iodine-polymer 
bond is so weak that the iodine is removed by the usual isolation treatment. 
If, however, we take the solution of polymer, from which free iodine has been 
removed by titration with thiosulphate, and isolate the polymer by prolonged 
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pumping at room temperature, we secure a polymer containing iodine, and a 
satisfactory iodine balance. 

Expt. 142. 5*25 mg. polymer s 0*17 mg. Agl s 0*090 mg. I a . 

Total polymer = 0*5 g. s 0*0086 g. I a . 

Quantity in solution ss 0*00127 8 • I*- 



3-0 3-r 3-2 3-3 

Fig. 6 (a), (6). —The activation energy of polymerization (a) petrol ether 

(6) ethylene dichloride. 

The figure of 0*00987 agrees with the amount originally added of o*oi g. 
Expt. 144. Total polymer s 0*007 g. I # . 

Quantity in solution 3 0*0038 g. I g . 

o*oio8 g. 

The figure of 0*0108 agrees with the amount originally added of o*oi g. 

i 5 * 
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The molecular weight of the polymer in Expt. 144 was determined cryoscopic- 
ally as 1250. It is thus easily calculated that r g. mole polymer contains 1*37 g. 
atoms iodine. 

It was found possible to remove the iodine from the polymer quantitatively 
by standing the polymer solution over aqueous potassium iodide plus starch 
solution. There seemed to be an equilibrium, since as the iodine was removed 
from solution by titration with sodium thiosulphate, more iodine passed into 
the free state, turning the starch blue. Thus, in Table V we show the amount 
of thiosulphate added to remove the blue colour as it reformed. 


TABLE 

V.— Removal of 

Iodine from Polymer 

Time (days) 

0 1 

2 

3 6 10 16 20 24 

Ml. N/10 thiosulphate 

2*0 1*0 

1*0 

1-0 1*0 1*0 0*5 0*2 0*1 


Since the quantity of iodine originally added equals 8*o ml. thiosulphate, 
we see that we have recovered nearly all of it by this treatment. 

Double-Bond Analysis. —A known solution of bromine in carbon tetra¬ 
chloride was added to the polymer dissolved in the same solvent, and left 
standing for several hours. Excess potassium iodide plus starch was then added 
and the mixture titrated with sodium thiosulphate. This technique was found 
to give the right result of one double bond per molecule for the vinyl ether 
monomer. Several experiments on the polymer gave £ g. molecule of bromine, 
that is, half a double bond, per molecule. 

We interpret these results to mean that the dead polymer contains one double 
bond per molecule, but a certain number of these bonds have been iodinated. 
Thus we may qualitatively link up the deficiency of double bonds with the 
excess of iodine found in the polymer over one atom per polymer molecule. 
However, the low value found may not be significant, as the estimation of 
unsaturation in this type of system is a difficult matter. 

Effect of Added Inhibitors. —Early observations on effects of oxygen 
suggested an investigation of added peroxides. Benzyl peroxide and vinyl 
ether peroxide were found to lead to a marked induction period, and a lowering 
of molecular weight of the product as isolated at 100 % polymerization. Butyl 
alcohol in amounts up to 0*2 mmole/1, had a similar effect but above this con¬ 
centration the induction period decreased to zero and a very rapid reaction set 
in. The results are recorded in Table VI, but it should be noted that the mole¬ 
cular weights were obtained on products isolated some roughly constant time 
after 100 % polymerization, and are therefore not comparable with those given 
in the rest of this paper. 

TABLE VI.— Effect of Added Butyl Alcohol 


Butyl Alcohol 
(inmole/1.) 

R x 10 3 

Mol. wt. 

Induction Period 
(min.) 

0 

1*9 

3000 

_ 

0*1 

2-4 

3100 

15 

O'2 

27 

2900 

25 

°*5 

3*4 

2760 

20 

I'O 

3’7 

1460 

5 


4*7 

Il6o 

5 

4 *o 

15-25 

560 

0 


The effects here are very comparable with those found by Eley and Pepper 
in stannic chloride—n-butyl vinyl ether.* As these authors remarked, the com¬ 
bination of increased rate with decreased mol. wt. suggests that butyl alcohol 
acts by catalyzing transference of activity from a growing chain to a monomer. 
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Discussion 

The results fit into a simple kinetic scheme, developed from that origin¬ 
ally given by Eley and Pepper.* 

2 I, ->• 1+ + Ij A, 

1 + + M -► I+M ts M* A, 

M* -f M -*• M*\ . 

+ *• 

+ h+ a 4 

MJ + M M„ + M* A, 

Stationary concentrations of the intermediates 1+ and M* may safely 

be assumed. Thus 

A,[I,]' - A,[I+][M] = 0 and 1+ = Ji ^ . . ( 1 ) 

A,[D][M] - A 4 [M*] = 0. M* = ~*[I + ][M], . . ( 2 ) 

Thus [M*] - ^[I 2 ] 2 

« 4 

and -^y ] -= A 3 [M*][M] 

= JjA.[IJ*[M].( 3 ) 


This dependence of velocity on [M] and [ 1 2 ] is that found experimentally. 
The average molecular weight is given by 


Mol. wt. 


A a [M*][M] k 3 [M] 

* 4 [M*] + A 8 [M*][M] k A + k 6 [U ]' 


The experimental results require that the molecular weight is inde¬ 
pendent of monomer concentration, and therefore we may suppose that 
the transfer process is the most important and A 6 [M] > & 4 . There seems 
little doubt that transfer processes may play an important part in deter¬ 
mining the mol. wt. in these ionic polymerizations. This is brought out 
by comparing these results with those with the stannic chloride catalyst 
in the next paper, and also by inhibitors like butyl alcohol which lower 
the molecular weight while increasing the velocity of reaction. Any 
normal termination reaction would result in a parallel decrease in reaction 
velocity. The chemistry of these transfer reactions, that is, whether 
electrons, hydrogen ions, or even 1+ ions are transferred, remains obscure 
at present. Butyl alcohol may well act by accepting an H+. 

I+M n + BuOH -> m; + BuOHJ k 5a 

BuOHi + M -* BuOH + H+M k 6b 


If we ignore the starting of chains by transfer, each polymer molecule 
should contain one iodine atom and one double bond. If we allow for 
a certain subsequent degree of iodination of the double bond, our results 
indicate that this is so. The presence of a terminal double bond explains 
the viscosity increase in polymer mixtures, containing catalyst, after 
ioo % polymerization, shown in Table III. The existence of transfer 
mechanisms means that some polymer molecules will contain no iodine 
except that arising from subsequent iodination of the double bond. The 
discrepancy of a half atom of bromine (2 — 1 — \ = J) might arise in 
this way. 

A priori we should expect a solvent of increased dielectric constant 
to act mainly by raising k lt where two electric charges are developed. 
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In all the other cases electric charge is conserved, and the solvent should 
have no effect. Thus we should expect an increase in rate but little effect 
on molecular weight, as observed. 

The apparent activation energy is 


jRT 2 * 


a In A: 
bT 


— RT* 


In 

bT k A 


= E t + E z - E<. 


The apparent activation energy for the effect of temperature on mole¬ 
cular weight is clearly 


EmoL wfc. — E 3 — E s . 


These two equations cannot determine the four unknowns, so not 
much progress can be made. It is, however, interesting that the “ more 
rapid ” solvent, ethylene dichloride, has the higher activation energy. 
The dielectric constant of the solvent, then, in this case must act mainly 
on the entropy of activation. 

In conclusion we would mention briefly some physical evidence in 
favour of the bimolecular ionization of iodine that we have assumed to 
explain our kinetic results. Electrolytic transport measurements 8 on IC 1 
in nitrobenzene have established the formation of I + and IClj and the 
existence of I~ is well known in aqueous solution. Crowne, working in 
this laboratory, 8 has made transport measurements on solutions of I, 
in ethylene dichloride, using a potential drop of 6,000 V to secure an 
adequate current. He finds some evidence for the postulated process of 
ionization. However,’ a preliminary examination of the conductance of 
iodine solutions has given results in apparent disagreement with this trans¬ 
port work, so the question remains open pending further investigation. 

5 Sandonnini and Borgello, Atti. accad. Lincei, classe sci. fis. mat. nat., 1937, 
25, 46. 

8 Crowne (unpublished results). 


PART II. THE POLYMERIZATION OF VINYL OCTYL ETHER 
CATALYZED BY STANNIC CHLORIDE AND 
OTHER CATALYSTS 

In this paper we have established the kinetics of polymerization of 
2-ethylhexyl vinyl ether under the influence of stannic chloride and two 
other catalysts. These other catalysts, silver perchlorate and the tri- 
phenylmethyl carbonium ion, may be expected to be catalysts for our 
reaction, since they fall into that general class of acids described by 
Lewis. 1 With silver perchlorate it was qualitatively established by a 
measurement of temperature rise that the polymerization was fastest 
in the solvent acetone (e — 25D), slower in ether (e — 4’3D)» and slowest 
in petrol ether (c = i* 9D) ; with stannic chloride the reaction was faster 
in ethylene dichloride (c — 10D) than in petrol ether (e = i-gD). That is, 
the reaction is accelerated in solvents of high dielectric constant c and 
the polymerization is probably ionic in type. 2 Triphenyl methyl chloride 
was found to be most active in certain solvents known to be specific ion¬ 
izing solvents for this substance, namely chloroform-SO, and w-cresol.* 
The intense yellow colour of these solutions indicated the presence of the 
carbonium ion. 4 Once these results had been established, we proceeded 
directly towards a detailed examination of the reaction kinetics. 

1 Lewis, J. Franklin Inst., 1938, 226, 293. 

* Pepper, Nature, 1946, 158, 789. 

• Walden, Ber. 1902, 35, 2018 ; Hantsch, ibid., 1921, 54, 2573. 

4 Hammett, Physical Organic Chemistry (McGraw-Hill, 1940), p. 53. 



D. D. ELEY AND A. W. RICHARDS 


437 


Experimental 

Materials. — Stannic Chloride. —A good many experiments were made with 
fresh B.D.H. material, since excellent reproducibility was achieved, the results 
agreeing with those obtained on material carefully distilled as below. In later 
experiments, particularly on the effects of water, the stannic chloride was 
distilled six times in high vacuum, using a temperature gradient of — 20° to 
*— 6o° C. This gave a colourless liquid, plus usually a very small amount of a 
white solid, probably a stannic chloride hydrate, which tended to distil with 
the halide. 

Silver Perchlorate. —This was prepared by Gomberg’s method. 4 The white 
crystals are exceedingly hygroscopic. They were kept over phosphorus pentoxide 
and heated to constant weight at 120° C before making up solutions. 

Triphenyl methyl chloride from B.D.H. was used without further 
purification. 

Solvents and monomer were carefully dried and distilled before use. 

Procedure. —The rate of polymerization and molecular weights of the 
polymer (at 20 % polymerization) were measured as in Part I. In view of the 
observations of Polanyi, Evans et «/.•• 7 and Norrish and Russell, 8 it was decided 



to investigate the SnCl 4 reaction under extreme conditions of dryness, and in 
the presence of known amounts of water. The apparatus is shown in Fig. 1, 
silicone grease being used on all taps. SnCl 4 was distilled six times, finally into 
the 1 ml. graduated teat at the bottom of the mixing vessel. A knowm amount 
of solvent could then be distilled into the mixing vessel, and the SnCl 4 dis¬ 
solved by the application of a small flame, which served to boil the solvent and 
mix the two liquids. The stannic chloride solution in the solvent could then be 
sucked up into the burette through the two-way tap lubricated with silicone 
grease, and a measured volume of solution discharged into the dilatometer 
containing monomer and solvent. At this stage a known volume of water 
vapour could be condensed into the dilatometer from the large bulb shown. 
The walls of the bulb were made hydrophobic according to the method used by 
Norrish and Russell, 8 so as to eliminate loss of water by adsorption. 

Results 

The systems examined were : 

(a) vinyl octyl ether-SnCl 4 -petrol ether ; 

(b) vinyl octyl ether-AgC 10 4 -diethyl ether ; 

(c) vinyl octyl ether-(C fl H 6 ) 8 CCl~w-cresol. 

It will be convenient to describe the results on the three systems together. 

5 Gomberg, J. Amer. Chem. Soc., 1923. 45 , 398. 

• Plesch, Polanyi and Skinner, J. Chem. Soc., 1947, 257. 

7 Evans and Polanyi, ibid., 1947, 252. 

•Norrish and Russell, Nature, 1947, 160, 57. 
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The Reaction Kinetics .—Fig. 2 (a-c) show the effect of varying [C] at constant 
[M] and Fig. 3 (a-c) the effect of varying [M] at constant [C]. It is clear that in 
all cases the results fit the formula for the rate of reaction R, 

R - *[C][M]». 

The values of k are, at 25 0 C : 

SnCl 4 ; k ~ 24 ± 4 X io* 1.* mole“ 2 min.- 1 . 

AgC 10 4 ; k 0*085 i 0*002 X io fl 1 .* mole-* min.- 1 . 

(C 6 H 5 ) 3 CC 1 ; ft - 97 i 10 X io # 1 * mole” 2 min.” 1 . 

The Molecular Weight of the Polymers. —It is best to discuss the results 
for SnCl 4 and AgC 10 4 separately. 

Stannic Chloride. —As found by Eley and Pepper 9 for SnCl 4 -w-butyl 
vinyl ether, there was some increase in molecular weight during the course of 
the reaction with this catalyst. The results below refer to polymers isolated at 
20 % polymerization. 

TABLE I.— Effect of [SnCl 4 ] and [M] on Molecular Weight (25 0 C) 


Variation of [C] 

Variation of [M] 

[M] ■» 044 mole/ 1 . 

[C] — 0*42 mmole/l. 

[C] mmole/ 1 . 

Mol. wt. X 10-* 

[M] mole/ 1 . 

Mol. wt. X io~* 

1*28 

7*3 

0*15 

4 *o 

0*85 

7'5 

0*30 

5*6 

0*64 

7 *o 

o*6o 

11*0 

0-425 

6*4 

0*87 

20*0 

0*31 

7*0 

i *45 

20*0 

0*10 

1*0 



0*05 

o *75 




Except at the lowest values of [C] the molecular weight is independent of 
[C], On the other hand, the molecular weight varies directly with [M] up to 
the highest concentrations, where it becomes constant (Fig. 4). Summarizing, 
over a fairly large range of conditions, 

Mol. wt. =ss const. [M]. 


Silver Perchlorate. 

TABLE II,— Effect of [AgC 10 4 ] and [M] on Molecular Weight 
(25 0 C ; 20 % Polymer) 

Variation of [C] Variation of [M] 


[M] — o*6 mole/l. 

[C] — 36-3 mmole/l. 

[C] mmole/l. 

Mol. wt. 

[M] mole/ 1 . 

Mol. wt. 

12 

1200 

o *3 

1200 

36-3 

I4OO 

o*6 

1400 

48-5 

1500 

o*88 

1700 

bo* 5 

1400 

1*15 

1800 

85 

1500 

i *45 

2500 


The molecular weight of the polymer is definitely unaffected by [C] but shows 
a tendency to increase with [M], 


• Eley and Pepper, Trans. Faraday Soc. t 1947, 43, 112. 
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Effect of Temperature. —Results are only available lor stannic chloride. 
Fig. 5 shows a plot leading to a value for the activation energy of 10,000 cal. 
mole*" 1 . Increased temperature has a marked effect in lowering the molecular 
weight of the polymer. 



Fig. 4. —Effect of monomer concentration [M] on molecular weight of polymer 
at 25 0 C for SnCl 4 catalyst. 



Fig. 5. —The activation energy of the polymerization catalyzed by SnCl 4 . 
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Here log [M] is only approximately linear against i/T over the range 25-50° C, 
and the corresponding heat term is about — 3,300 cal. Above 50° C this negative 
heat term increases most sharply, the molecular weight falling four-fold over ten 
degrees. 

TABLE III.— Effect ot Temperature on Molecular Weight 

(20 % Polymer) 


[M] — o-6 mole/ 1 . [C] = 0*2 inmole/ 1 . 


T° C 

Mol. wt. x 10-** 

25 

(>•0 

35 

5*5 

50 

4-0 

55 

3-0 

60 

i-o 


Analysis for Double Bonds. —A solution of bromine in carbon tetrachloride 
was added to the polymer in the same solvent. The same technique w^as em¬ 
ployed as with the iodine polymer. 0*27 g. of polymer (mol. wt. 6,000), were 
found to take up 0-0155 g. bromine, yielding a result of two double bonds per 
polymer molecule (prepared with stannic chloride). 


TABLE IV. —Addition of Moisture 


[M] =- 0*6 mole/ 1 , [C] — 3-2 mmole/ 1 . 25 0 C 


% Water Present 

Rate x io- s 
mole l.- 1 min.- 1 

O 

34*i 

0-045 

34*4 

0-09 

33’b 

0>1 35 

34‘b 


The Effects of Water.™ (a) Stannic Chloride. Small amounts of water 
were added to the anhydrous system, of magnitude similar to that which had a 
marked effect on the SnCl 4 -isobutene system. 8 Tabic IV shows that the initial 
rate of polymerization was completely uninfluenced by this addition. 

( b ) Silver Perchlorate. —Water was added to silver perchlorate by allowing 
the anhydrous salt to stand over water for a certain time. One sample was 
then dissolved in ether for use as a polymerization catalyst, while another sample 
was investigated for its water content. The subject was not studied quanti¬ 
tatively, but the accelerating influence of moisture is clearly shown in Table V. 

TABLE V.— Addition of Moisture 


[C] mmole/ 1 . 

[M] mole/ 1 . 

[H 2 0 ] mmole/ 1 . 

Rate x 10* 
mole. I.- 1 min.- 1 

36-3 

o-6 

0 

I-XI 

0-066 

o*3 

0-26 

94 

0-088 

o*3 

°*35 

158 
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Discussion 


These results fall into the kinetic scheme already applied to the case 
of the iodine catalyst : 

C + M -> CM, i.e. M* k t 

m; -* M n + c kt 

M* + M -> M n + M* k h . 

For stationary conditions, which are probably not widely departed from, 


- d [M] 
d* 


= ™y*[C][M]» 


M.W. oc D.P. = 


k A + h % m 9 


where M.W. signifies molecular weight, and D.P. degree of polymerization 
of product. 

These reaction velocity kinetics are found in all cases. For silver 
perchlorate, since M.W. is independent of monomer concentration, we may 
assume that a transfer mechanism (Aj b ) is operative, and indeed the very 
low molecular weights found would support this view. Markedly higher 
molecular weights, up to 20,000, were found for stannic chloride as 
catalyst. In part it is possible that this is due to the fact that the co¬ 
ordination number of tin is six and stannic chloride may therefore be 
assumed to start two chains. (We shall seek further evidence on this 
point.) 

Cl Cl 

OK \ / OR 

I Sn | 

—CI 1 --CH, / \ CH a —CH— 

Cl Cl 


Even so, each half molecule is larger than the polymer molecules 
obtainable with iodine or silver perchlorate, so in the stannic chloride 
system we may suppose that transfer effects are weak. This view is 
strongly supported by the kinetic results that the molecular weight is 
proportional to [M], therefore & 6 [M] k t , and spontaneous termination 
is the main chain-ending mechanism. Incidentally, the assumption that 
one stannic chloride molecule may start two chains would agree with the 
analytical result that each polymer molecule contains two double bonds. 
At the higher concentrations of monomer we might expect £ 5 [M] to become 
larger than k it which would lead to a flattening out of the mol. wt.-[M] 
curve as shown in Fig. 4. 

With triphenyl methyl chloride the solvent is such that we may assume 
that the substance is largely ionized, and that the triphenyl methyl car- 
bonium ion, Ph 3 C+, is the activating catalyst. This species will then 
start one polymer chain, like I + , and silver perchlorate. 

The absence of an effect of water on SnCl 4 -vinyl ether is to be compared 
with its demonstrated effect 8 on SnCl 4 -isobutene at — 78° C, but the 
difference may reside in the difference in monomers or temperatures. 
The isobutene reaction at — 78° C with TiCl 4 and BF 3 has been stated 
to be heterogeneous. 10 ’ 11 The marked effect of water on silver perchlorate 
suggests that in this case, besides the initiation step, 

OR OR 

^H=CH S + AgClO,-* CH=C.H J AgC, 10 1 , 

10 Plesch, Nature , 1947, , 6°> 868. 

11 Evans, Meadows and Polanyi, ibid., 869. 
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We have a hydrogen-ion initiation analogous to that suggested for TiCl 4 ~ 
isobutene by Polanyi et al .• 

OR OR 

II.O.AgCIO, + CH=CH,->■ ®CH—CH, + HOAgCIO®. 

Our results show that effects of water on catalysts are highly specific, 
and it is scarcely worth while attempting to draw up mechanisms as yet. 
The further interesting point is that a comparison of the molecular-weight 
results with stannic chloride and those with iodine and silver perchlorate 
suggests that in some way transfer mechanisms are effected by the catalyst 
present. It is therefore unlikely that the transfer merely involves the 
passage from polymer to monomer of a terminal hydrogen ion. The 
transfer mechanism may then involve transfer of catalyst or a catalyst 
fragment. 

In the case of stannic chloride, the activation energy from the rate 
measurements Er is given in terms of the contribution for the separate 
steps by 

Er = E 2 -fIi,*~E 4 = 10,000 cal./mole. 

Since we have decided that for this catalyst we may neglect transfer 
effects to a first approximation at 25 0 C, 

E U 'V. = E 3 — £4 = — 3,300 cal./mole. 

Thus, E t is 13,300 cal./mole. 

It may be, of course, that the initiation step is composite, viz., 

*1 

C + M^MC, 

kl 

*1 

in which case the activation energy will be 

Er = E t + q + - E lt 

where q is the heat of formation of the complex, and E t for the initiation 
step is 13,300 — q . However, in the absence of further evidence we prefer 
not to elaborate this hypothesis. The strong increase of E M .w. as we 
raise the temperature we may attribute to the onset of transfer reactions 
with a high value of E 6 , so that 

£ m . w , (55-60) = E 9 — E t *+* — 40,000 cal./mole. 

We should then expect that at 6o° C with SnCl 4 , the molecular weight 
would become independent of monomer concentration, but unfortunately 
we have no evidence on this point. Taylor and Tobolski 18 and Dainton 
and Ivin 18 have recently stressed the effects of depolymerization occurring 
simultaneously with polymerization. Such an effect would also lead to 
a rapid decrease in molecular weight of the product with increase in 
temperature but, in the authors' view, is unlikely in the present case, 
where no indication of a ceiling rate of polymerization was found. 

These results may throw some light on the process of low-temperature 
polymerization, exemplified in the use of BF 8 , A 1 C 1 S or SnCl 4 , with vinyl 
ether, 14 a-methyl styrene 16 or isobutene at — 8o° C. w By working at 
these low temperatures one eliminates transfer reactions which lead to 

12 Taylor and Tobolski, /. Amer. Chetn. Soc. t 1945, 67, 2063. 

13 Dainton and Ivin, Nature , 1948, 162, 705. 

14 Mueller-Cunradi and Pieroh, U.S. Pat. 2,061,934. 

15 Ilcrsberger, Reid and Heiligmann, Ind. Eng. Chem., 1945, 37, 1073. 

11 Thomas, Sparks, Frohlich, Otto and Mueller-Cunradi, J. Amer. Chem. Soc., 
1940, 62, 276. 
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low molecular weight products. The choice of a catalyst for low- 
temperature polymerizations will then involve at least two factors: 
(i) the activation energy for initiation should be low enough for the 
catalyst to act at — 8o° C; (2) the catalyst should be unfavourable to 
the transfer reaction. Since the existence of low-temperature polymer¬ 
izations of the vinyl ethers means that E 9 ~ 2,000 cal./mole, we may 
estimate the activation energy of spontaneous termination E A as ^ 5,000 
cal./mole.* 

The authors* grateful thanks are due to The Distillers Company Ltd., 
who supported the research financially and with liberal supplies of mono¬ 
meric vinyl ether. 

Dept, of Chemistry, 

The University, 

Bristol. 

* Note added in proof: This calculation assumes an A factor for the propaga¬ 
tion reaction of 10 5 , as found by Burnett and Melville in the photopolymerization 
of vinyl acetate (Proc. Roy. Soc A, 1947, 189, 456). A normal A factor of io 4 
would give E a ~ 7,000 cal./mole and E 4 ~ 1 0,000 cal./mole. 


THE VIBRATIONAL ASSIGNMENT FOR 
TETRACHLOROETHYLENE 

AND SOME REMARKS ON THE FORCE CONSTANT 
OF THE C=C BOND IN THAT MOLECULE 


Bv P. Torkington 
Received 18 th November , 1948 

It is shown that the force constant for C=C stretching in tetrachloro- 
ethylene takes a normal ethylenic value if a constant for interaction between 
C - C and C- Cl stretching is introduced into the potential function. A com¬ 
plete frequency-assignment for C 2 C 1 4 is given, which allows of an interpretation 
of all additional observed frequencies as overtones and combinations. 


There have been a number of investigations of the infra-red and Raman 
spectra of tetrachloroethylene, but the vibrational assignment has re¬ 
mained incomplete. 1 Calculations of the potential function of the mole¬ 
cule have been carried out. With the three strong polarized Raman lines 
assigned to the Class A g fundamentals, it was found that the force constant 
of the 0 =C bond was abnormally low (between 6 and 7 x io* dynes/cm.) ; 
a value of about 8 x io 5 may be obtained by using the frequency 383 

cmr 1 for the A g CCl* deformation, 2 but this Raman line has now been 
shown to be spurious. 8 It is of interest that a normal value for the C==C 
stretching constant is obtained, using the obvious assignment for the 
A g fundamentals, if a term for interaction between C===C and C—Cl 

1 Wu, Vibrational Spectra and Structure of Polyatomic Molecules (J. W. Edwards, 
Michigan, U.S.A., 1946). Herzberg, Infra-red and Raman Spectra of Polyatomic 
Molecules (D. van Nostrand Co., Inc., New York ; London : Macmillan & Co„ 
Ltd., 1945). 

8 Duchesne, Nature , 1938, 142, 256. 

8 Wittek, Z. physik . Chem. B, 1940, 48, 1. 
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stretching is introduced into the potential function. A constant of 
magnitude 0*51 x io 4 * 6 dynes /cm. (i.e. only ^ i/2oth A 0 =o)» gives 

k c=c 9-59 x io 5 dynes/cm. ; 

with an additional constant for interaction between C=C stretching and 
CC1 8 deformation, (analogous to the necessary constant in ethylene) 4 
small variations from this value can be produced. 6 The C=C bond in 
tetrachloroethylene can therefore be regarded as normal; relatively 
large interactions of the type introduced are to be expected on theoretical 
grounds. 4 It may be observed that only a slight decrease in v 0aa0 is pro¬ 
duced by one or two chlorine atoms, 7 and that fluorine, which has greater 
powers of conjugation than chlorine, raises v 0 „ 0 . 8 Further, the value 
of this frequency in ethylene-D 4 , where there is no question of abnormality 
in the C=C bond, is 1515 cm. -1 ; 9 it seems most unlikely that the more 
normal value in C 2 C 1 4 is associated with a highly abnormal force constant. 

In Table I is suggested a complete vibrational assignment * for 
tetrachloroethylene— 

TABLE 1 



Ag 

A u 

B lg 

B t u 

B ig 

Btu 

B*u 


v c~c 

T 57 I 


_ 

_ 

_ 

_ „ 

_ 



V C- Cl 

447 

— 

5 * 2 

— 

— - 

9*3 

782 



Soclfc 

2 37 

— 

— 

— 

— 

— 

3« 7 


ycm .- 1 

Seed 

— 

*— 

347 

i85 


33 2 

— 



StWlBt 


I 35 





— 

> 



The previous assignment of 332 to B lu and 512 to B %Q leads to far too high 
a value for the force constant for non-planar bending ; the values given 
here for these modes are deduced from combination bands which cannot 
be explained without their introduction. 215 cm. -1 can be taken as 
identical with the Raman frequency at 218 cm. -1 . The non-planar 
force constants d are then as follows. For co-ordinates rc~m{^O l £ A 0 2 ), 
where 1, 2 denote the two ends of the molecule, and AS is the angle for 
non-planar bending, 

dlZ = o'ooys} x i° 6 dynes/cm.. 


the subscripts referring to the symmetry-class of the vibration. Taking 
r 0 ~ ci — 1-69 A, r 0 ^c = 1*35 A, and all angles 120°, the constant for the 


angle C===C=C 1 2 , derived from both modes, is found to be 0*096 x io -11 
dynes cm. radian -1 . This shows quite satisfactory agreement with the 
similar constant in phosgene 10 (0-086 x io -11 ). It seems unsatisfactory 
to assign the very weak Raman line at 1000 cm.” 1 to the B Xg C—Cl 
stretching mode ; this would lead to a very high C—Cl stretching constant, 
so we take instead the medium Raman line at 512 cm. -1 . The twisting 
frequency is calculated from the twisting constant in ethylene, f accepting 
a vibration frequency of 800 cm. -1 for that molecule. 11 J In general 
support of the assignment given above, we may observe that the mean 


4 See e.g. Kilpatrick and Pitzer, /. Res. Nat. Bur. Stand. , 1947, 38, 191. 

• Torkington, J. Chem. Physics (in press). 

• Coulson and Longuet-Higgins, Proc. Roy. Soc. A, 1947, * 9 L 39- 
’Thompson and Torkington, ibid., 1945, 184, 21. 

• Idem., Trans. Faraday Soc., 1945, 41, 236; Torkington, Nature, 1949, 
163, 464. 

• De Hemptinne, J ungers and Delfossc, J. Chem. Physics , 1938, 6, 319. 

• For the symmetry classification, see Herzberg, 1 pp. 107, 108. 

10 Torkington, Proc. Roy. Soc. A (in press). 
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of the two CCl a deformation frequencies is 312 cm.- 1 , close to the accepted 
value for a single group ; the large difference between the two individual 
frequencies here denotes the occurrence of considerable interaction. The 
two planar CCC 1 rocking modes are both of the expected order of mag¬ 
nitude; the value in vinylidene chloride, 7 where there is only one CC 1 , 
group, is 375 cm.- 1 . The order of the B tu and B lu C—Cl stretching 
frequencies is paralleled by the C—F stretching frequencies in C 2 F 4 , 8 
v B having the exceptionally high value in both molecules. All other 
observed frequencies can be interpreted as combinations as shown in 
Table II. 


TABLE II 


v cm.- 1 

Intensity 

Activity 

Assignment 

Species 

464 

M 

R 

2 X 237 

A , 

574 

H 

R 

(387 + 185) 

B 2 g 

631 

(vw) 

R 

(782 - 135) 


726 

(vw) 

R 

(512 + 215) 


755 

(m) 

l.R. 

(2 x 215 4- 332) 

B 2u 

784 

(vw) 

R 

(913 - i 35 ) 





(185 4- 215 4- 387) 


802 

(s) 

l.R. 

(2 x 215 4- 387) 


1000 

(vw) 

R 

(447 + 347 + 215) 


1025 

(w) (P) 

R 

2 x 512 

A, 

1441 

(w) 

R 

(« 8 5 + 347 + 913 ) 

B 21 

i8ig 

(w) 

R 

2 X 913 

A, 

1098 

(w) 

R 

(1571 + 447 ) 

A, 


(R indicates Raman spectrum ; I indicates infra-red ; s, m, w, vw indicate 
intensity strong, medium, weak, very weak ; p indicates polarized Raman 
line.) 

The discrepancies found between observed and calculated combin¬ 
ations are in general of the order expected for a molecule containing polar 
bonds ; it should be remembered that the frequencies here are taken from 
both Raman and infra-red spectra, and refer variously to gas, liquid and 
solution. It may be objected that a triple combination should not be 
employed for the infra-red band at 802 cm.- 1 , but the combination is of 
the same species as the fundamental at 782 cm.” 1 ; it is therefore justi¬ 
fiable to assume that Fermi resonance occurs here, leading to the intensity 
observed. 

Physical Chemistry Laboratory, 

Oxford. 

t The justification for this is perhaps not very obvious ; but if we assume 
that the twisting function is largely determined by the 7r-electrons which lead 
to the stable planar configuration, then since the double bond in C 2 C 1 4 has been 
shown to be probably normal, presumably the twisting function is not essentially 
different in C 2 1I 4 and C 2 Ci 4 . 

11 Euckcn and Parts, Z. physik. Chem. B, 1933, 20, 184. Burcik, Eyster 
and Yost, J. Chem. Physics, 1941, 9, 118. 

J 825 cm.” 1 is now generally accepted as the value of the twisting frequency 
in ethylene, it being assumed that 1656 cm.- 1 in the Raman spectrum is its first 
overtone. But there will be considerable anharmonicity in this mode, which 
makes the estimate only approximate in any event. A larger twisting constant 
would improve the fit for the Raman line at 631 cm.- 1 in C 2 C 1 4 ; there is an 
alternative for the line at 784.0m,- 1 . 



THE LACTONIZATION OF y-HYDROXYSTEARIC 
ACID IN A MONOLAYER 

By J. T. Davies 
Received 25th November , 1948 

On account of the variation of film properties with temperature, the ap¬ 
parent energy of activation and probability factor in the acid-catalyzed lacton- 
ization of y-hydroxystearic acid monolayers rise considerably at high pressures, 
in good agreement with statistical calculations. The decrease in rate of reaction 
at constant temperature can also be predicted, and is in accord with experiment. 
Although little new information about the mechanism of this particular re¬ 
action has been gained, the temperature variation of </>, the “ accessibility ” 
factor, which controls the effective concentration of reacting groups in the surface, 
is possibly a phenomenon of more general occurrence in monolayer reactions. 
Suggestions for future work to verify predictions from the statistical analysis 
are made. 


In 1892 Henry 1 investigated the kinetics of the acid-catalyzed lacton- 
ization of y-hydroxyvaleric acid, and found that the reaction velocity 
was closely proportional to the hydrogen ion concentration. Taylor 
and Close 2 confirmed the observation of Henry that in the presence of 
HC 1 the equilibrium state corresponded to 92 % conversion of the acid 
to lactone, but found that the catalytic influence of HC 1 was not strictly 
proportional to the hydrogen ion concentration as determined by con¬ 
ductivity measurements. Some years later, Garrett and Lewis 3 showed 
the velocity to be dependent on the viscosity of the solution, and postulated 
that the slow step must be bimolecular, being the collisions of suitably 
activated hydroxy-acid molecules and hydrogen ions. The energy of 
activation of the lactonization process was found to decrease from 16,100 
cal./mole for reaction in o-oi N HC 1 , to 15,050 cal./mole in 01 N HC 1 . 

Taylor and Close 4 carried out very careful measurements on the same 
system, showing that the velocity constant should strictly be corrected 
for the reverse reaction occurring simultaneously, though this effect was 
not great. They put forward the idea that there was a “ proportionality 
between reaction velocity and the thermodynamic activity of the hydrogen 
ions/' 

Rolfe and Hinshelwood 6 have considered the reaction between methyl 
alcohol and acetic acid. They demonstrated that the reaction was third 
order, depending on the collision of an acid molecule, an alcohol molecule 
and a catalyst, in this case another acetic acid molecule. The energy 
of activation E and the probability factor p were found to be 13,000 
cal./mole and 5 X io -2 respectively if the number of degrees of freedom 
involved in £ be taken as two : if it is greater, p becomes even smaller. 
When a correction for the temperature coefficient of the collision number 
of the solvent molecules, since these are involved in the activated collisions, 
was employed, p increased to 1*5 x io~ 7 . The authors advanced three 
possible reasons for this small probability : 

(i) that a precise orientation of the molecules is necessary for reaction, 

(ii) that the reacting molecules must be in a suitable internal phase, 

(iii) that quantum-mechanical restrictions of some kind make the 
transition probability in the activated systems very small. 

1 Henry, Z, physih. Chew., 1892, IO, 96. 

2 Taylor and Close, J. Amer. Chetn. Soc., 1917, 39, 422. 

2 Garrett and Lewis, ibid., 1923, 45, 1091. 

4 Taylor and Close, J. Physic. Chem., 1925, 29, 1085. 

* Rolfe and Hinshelwood, Trans. Paraday Soc., 1934, 3 °> 935 * 
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Williamson and Hinshelwood 6 esterified acetic acid in methanol solu¬ 
tion, using HC 1 as catalyst. The rate was found to be accurately expressed 
by 

dx/dt = K [H Ac] [CH ,OH,+], 

in which square brackets denote concentrations, after a correction for the 
distribution of hydrogen ions between the water formed as a product of 
reaction and the alcohol solvent was taken into account. E was found to be 
10,200 cal./mole and p was 1-17 x io“ 6 . If, however, a CH s OH molecule 
is involved in the activating collision, the viscosity correction raises E to 
12,680 cal./mole and p to 0-78 x io -3 . The probability that a methanol 
molecule is present is taken as unity, since the encounter of the reactant 
molecules is calculated to be comparatively long. The efficiency of the 
collisions is thus very much greater with the ionic catalyst and, indeed, 
the factor 078 x io~ 3 can be explained on the basis of the simplest kind 
of steric considerations. 

The possibility of controlling the activation energy and the probability 
factor of a reaction by altering the film pressure of a monolayer of re¬ 
actant has been pointed out by several workers. Alexander and Rideal 7 
showed that, in the alkaline hydrolysis of trilaurin films, the energy of 
activation increased from 10,000 to 16,100 cal./mole as tt, the film pressure, 
was changed from 5-4 dynes/cm. to 16-2 dynes/cm., the probability factor 
p increasing under the same conditions from i«i x io“* to 4-1 X io~*. 
The same authors found that ethyl palmitate monolayers, partially ex¬ 
panded at room temperature, hydrolysed on alkali with an energy of 
activation of 12,000 cal./mole, close to the value for the analogous reaction 
in homogeneous solution of 11,300 cal./mole. The p factor of this re¬ 
action was 0 9 x io~ 5 . I11 contrast, a condensed film of methyl stearate 

hydrolysed under similar conditions with an activation energy of 17,400 
cal./mole, gave a p factor of 0-12. Similarly, aoc'-dipalmitin, which formed 
a condensed monolayer, hydrolysed with an energy of activation of about 
20,000 cal./mole, of the same order of magnitude as for tripalmitin, the 
films of which were also condensed. The highly expanded films of a-mono- 
palmitin, however, gave a value of only 15,000 cal./mole. 

Mittelmann and Palmer 8 found that the activation energy in the 
oxidation of triolein films with permanganate was dependent on the film 
pressure, though they pointed out that their values were only very rough. 

By analogy with such experiments as these, studies of the lactonization 
of monolayers of y-hydroxystearic acid might cast light on the nature of 
the fundamental process, since E and p may be functions of the film 
pressure, and hence of the configuration and orientation of the long-chain 
molecules in the surface. Fosbinder and Rideal 9 showed that the velocity 
of hydrolysis of a monolayer of y-stearolactone was a function of surface 
pressure, and, more recently, Kogl and Havinga 10 investigated the lacton¬ 
ization process as a surface reaction. These latter authors made no 
measurements of E and p , however, nor of the influence of pressure on 
reaction velocity. 


Experimental 

A sample of y-hydroxystearic acid (m.p. 87° C) was kindly donated by Dr. 
F. K6gl. y-Stearolactone, for use in determining the characteristics of mixed 
films, was prepared from Kahlbaum pure oleic acid, according to the method of 
Cluttcrbuck, 11 and purified to constant melting point by four recrystallizations 
from pure methylated spirit, and a final wash with redistilled ethanol (m.p. 

•Williamson and Hinshelwood, Trans . Faraday Soc., 1934, 30, 1145. 

7 Alexander and Rideal, Proc. Roy. Soc. A, 1937, 7 °- 

•Mittelmann and Palmer, Trans. Faraday Soc. t 1942, 38, 506. 

• Fosbinder and Rideal, Proc. Roy. Soc. A , 1933, 143, 61. 

10 K6gl and Havinga, Rec. trav. chim 1940, 59, 601. 

11 Clutterbuck, J. Chem. Soc. $ 1924, 125, 2330. 
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5o-i°-50*3° C; K8gl and Havinga, 10 53 0 C; Fosbinder and Rideal,* 50° C; 
Clutterbuck, 11 52-53 0 C). Constant boiling HC 1 was used in making the 
solutions, and the normalities were checked by titration. Film pressures and 
potentials were measured in the usual way. 

The second-order velocity constant k was evaluated from the expression. 


k « 


<[H+] 


-In 


/ AF 0 ~ AV«> \ 
\AV t -AV C o) t 


(1) 


where AV is the film potential and t the time elapsed since the beginning of the 
reaction. In practice, the slope of a plot of log 10 (AF* — AFoo) against t was 
employed to evaluate k. The validity of (1) depends on the existence of a linear 
relation between AV and composition of the film, a condition which was found 
to be obeyed satisfactorily at the various pressures by spreading mixed films. 
At 2 dynes/cm., however, a change of state to a condensed film as reaction 
proceeded made accurate measurements impossible. After reacting till AV 
was constant, the film gave characteristics corresponding closely with those of 
a film of y-stearolactone under the same conditions, so that no correction for the 
reverse reaction was necessary. 


Results 

Force-area and potential-area curves of y-hydroxystearic acid and y-stearo- 
lactone agreed closely with those of Adam 12 (who found that on N/50 and 
N HC 1 the 7r —A curves were similar) and Fosbinder and Rideal.* Between 



Fig. i. —Rate of lactonization against [H + ]. m =*= 16 dynes/cm. i = 20°C. 

0*5 N HC 1 and 1*5 N HC 1 at 20° C and at 16 dynes /cm., the bimolecular lacton¬ 
ization constant was 5*40 ± 0*12 X 10- 8 1 . mole- 1 min.- 1 . The rate of reaction 
is thus proportional to the concentration of HC 1 , and the straight line passed 
between the observed points on the graph of rate of reaction against [H+] ac¬ 
cording to the method of least squares, showing that the rate is practically zero 
at zero concentration of acid (Fig. 1). 

Fig. 2 shows the plot of log 10 k against 10 8 /T, where T is the absolute tern 
perature, for the reactions at 16 dynes /cm. and 5 dynes/cm. It is seen that in 
the former case the slope of the plot is constant over the temperature range 
8° C-20 0 C, when E — 17,400 cal./mole, but that above 20° C the plot deviates 

18 Adam, Proc. Roy. Soc. A, 1933, 140, 223. 
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from linearity, and E increases. At 5 dynes/cm. in the temperature range 
20 0 C-30 0 C, E is found from the slope to be 11,600 cal./mole. Under these 
conditions the film is expanded. The experimental difficulties due to change 


30-0 C 


Z6-7 CN 
\Z5-3°C 


TT-5 dynes/cm. 


loj(kK!O l ) 


^20-3 C 

°t k200°C 


i/5-3 C 


IT -16 chjnesjcm. 


/ooo/ T 

3-30 3-40 3-5 

-L-1-I_ 

Fig. 2. —E at 16 dynes/cm. = 17,400 cal./mole. 
£ at 5 dynes/cm. = 11,600 cal./mole. 


Fig. 3—Variation of reaction rate with film pressure at 20° C and on N HCI. 

in the state of the film as reaction proceeded became very great at temperatures 
below 20 0 C for the reaction at 5 dynes/cm., and accurate measurements of the 
velocity constant were impossible under these conditions. The probability 
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factors for the lactonization at 5 dynes/cm. and 16 dynes/cm were calculated 
by the method of Fosbinder and Rideal • to be 4*3 x io-* and 0-38 respectively. 

The effect of pressure on the reaction velocity at constant temperature of 
20 0 C is shown in Fig. 3 for substrates of N HC 1 . The rate is practically un¬ 
changed till the film pressure exceeds about 9 dynes/cm., thereafter decreasing 
as the film condenses, being reduced to less than half the former value at n = 16 
dynes/cm. 


Discussion 

The Accessibility Factor.—The proportionality between the rate 
and the concentration of HC 1 in the substrate shows that the following 
factors need not be taken into account : 

(i) ionization in the monolayer, which would cause deviations from 
direct proportionality (Davies ia ) ; ionization occurs, however, 
in films of acids and alcohols at higher substrate concentrations 
of HC 1 , according to Schulman and Hughes ; 14 

(ii) kinetic activity factors ; 

(iii) autocatalysis ; 

(iv) solvent-catalysed lactonization. 

The slower reaction at higher pressures can be correlated, as explained 
below, with the inaccessibility of the —OH or —CO a H group to the sub¬ 
strate, so that it appears that, in view of the high energy of activation, 
the hydroxyl and carboxyl groups and the hydroxonium ion must all 
be present when the slow step occurs. This conclusion is in agreement 
with the work of Rolfe and Hinshelwood. 6 

Mittelmann and Palmer 8 have put forward an interpretation of the 
retardation of the velocity of oxidation of triolein monolayers spread 
on aqueous permanganate, in terms of the configuration of the long chains, 
and the probability that the double bond will lie in the surface. This 
probability is given by <f>, the accessibility factor, i.e. 


i-aiRT 

* - £ -. 

2^-QIRT 

at 

in which G « Q — -f 800 cal./mole. 

4*18 X 10' ' 


( 2 ) 


G is the energy in cal./mole of a particular configuration in the surface, 
R is in cal. /mole deg. T is the absolute temperature, N the Avogadro number 
and y a measure of the work required (in erg cm.-®) to remove a long 
chain from a vertical position and to extend it horizontally on the surface 
against the cohesive energy of the film molecules themselves ; a and l 
are the width and length (which increases discretely) of the hydrocarbon 
chain lying in the surface, expressed in cm. tt is the film pressure in 

dyne/cm., and and ]JjT denote summations over all the configurations 
P <* 

with the double bond in the surface, and over all possible configurations 
respectively. The value of 800 cal./mole is the energy required to bend a 
hydrocarbon chain through 2^/3 radians relative to a CH a group (Pitzer u ). 
When the chain is unbent, either lying vertically or horizontally in the 
surface, this value is not included. The cohesive energy of the film is evid¬ 
ently low in films of triolein which has cis double bonds in the long chain, 
since Mittelmann and Palmer showed they could write y = o and obtain 
satisfactory agreement with the observed <j> at various pressures. 


13 Davies, Advances in Surface Chemistry (Report of Bordeaux Conference), 
1948 (in press). 

14 Schulman and Hughes, Proc. Roy. Soc. A, 1932, 138, 436. 

16 Pitzer, J. Chem. Physics, 1940, 8, 711. 
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If the polar carboxyl group is spherical, and occupies 20 A* in the 
surface, the area A in A* at any pressure, rr , is given by 


A 


]£< ale-GIRT 


= 20 + io lfl 


^e-o/Kr ' 


a 


(3) 


Mittelmann and Palmer obtained good correspondence with the experi¬ 
mental 7 r-A plot of triolein using eqn. (3), again taking y as zero. 

In the consideration of y-hydroxystearic acid the analysis is more 
complicated. Not only is there the high energy of adsorption of the CHOH 
group to take into account, but the work done against film cohesion will 
be far from zero. In addition, the possibility of the chains having been 
bent several times cannot be neglected, nor can that of the CO a H group 
being forced above the surface while the CHOH group is adsorbed there. 
Further, the CO s H group may be pushed below the surface while the 
CHOH group is still in the water surface, though this configuration will 
not be possible in the close-packed structures at higher pressures and 
lower temperatures. The most probable configurations, however, are 
those of an L-shaped molecule with the carboxyl group adsorbed at the 
surface, and the OH group in, or just out of, the surface. 

The term yal has been replaced in this study by 

Wh ( b /2 + /), 

where W is the work of cohesion in erg/cm.* between hydrocarbon sur¬ 
faces. This expression follows from consideration of the hydrocarbon 
chain lying in the surface (Fig. 4) causing a triangular prism to be formed 



tying in surface 
Fig. 4 . 

in the chains still standing upright. The width and length of the base of 
this will be b and l respectively, so that the area of hydrocarbon surface 
pulled away from an equal area is 


h(b / 2 + /), 

where h is the slant height of the prism, and is practically equal to the 
perpendicular height. 

The exact evaluation of h and b/ 2, however, is not easily made, nor 
is it certain whether W the cohesive energy includes the polar head 
group or the hydrocarbon chains alone. The value of Wh for various 
states of the film may be found, however, from the force-area curves, 
using a value of 20 A* for the area per vertical chain, so that 

^ale-O'IRT 


A = 20 -f io l « 




■ (4) 
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where the symbols have the same significance as in (3), 
is now replaced by 


G' 


N(Wh(b/ 2 + /) + nal) 
4*18 x io 7 


-f* 8oon -j- H, 


except that G 

■ • (5) 


where n is the number of times any chain is bent, and H is an energy 
term, calculated below, expressing the work of adhesion of the CHOH 
group, or work of immersion of a CH* group, or that of raising a CO a H 
group from the surface. From models, b is taken as 2-6 x io~ 8 cm. 


TABLE I.— Effect of Temperature on A and <f> 
n •— 16 dynes/cm. 


t°c 

Wh 

(cal. mole - 1 A- 1 ) 

A (calc.) 

(A*) 


4 (calc.) 

8 

318 

25*7 

25*5 

0-368 

20 

250 

28*2 

28*0 

0-501 

26 

160 

33 *<> 

32*5 

0-695 

27 

94 

3 . 5*3 

35*5 

0-786 

30 

60 

38-2 

38-3 

0-836 


TABLE II. —Effect of n on A and < f > at Constant Temperature of 30° C 
Film expanded, Wh — 60 cal.mole-'A” 1 — 42 X io~ s erg/cm. 


n 

(dync/cm.) 

A (calc.) 

(A*) 

A (obs.)> 

(A 1 ) 

4 (calc.) 

6 

48*9 

50*5 

0-885 

12 

42*4 

42-8 

0*853 

16 

38-2 

38-3 

0-836 


TABLE III. —Effect of tt on A and </> at Constant Temperature of 8 ° C 
Film condensed, Wh = 318 cal. mole- 1 A** 1 = 221 x jo-* erg/cm. 


n 

(dyne/cm.) 

A (calc.) 

(A*) 

A (obs.)» 

(A*) 

4 (calc.) 

6 

27-6 

28-2 

0*453 



(extrapolated) 


12 

26*4 

27-6 

o -397 

16 

25*7 

2 . 5*5 

0-368 

24 

24-6 

23*1 

0-300 


G' is defined as zero when / s= o =* n, so that the state of zero energy is 
that in which the chains are vertical with only the carboxyl group in the 
water surface. 

By trial and error with different Wh values and temperatures, eqn. (4) 
was fitted to the force-area curves of Fosbinder and Rideal. The values 
of Wh, T and it at different areas are summarized in Tables I, II and III, 
from which the agreement with experiment can be judged. Since Wh 
is now known, <f> may be calculated by a method analogous to that given 
above (eqn. (2)), and has the values given in Tables I, II and III at the 
different temperatures, pressures, and film cohesions. 
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Tbft^mmation of probabilities that the group can react has been made 
over tfiSse configurations in which the CO a H and CHOH groups in the 
same molecule are immersed in the substrate. Fig. 5 shows that 0, 
derived from Fig. 3 and the calculated accessibility value of 0*90 at low 
pressures, is close to the theoretical values, obtained using the values 
of Wh from the ir —A curves. The change to the condensed state at higher 


- ho 

- 0-6 

- 0-6 

0 

- 0'4 

- o-z 


c-°- -\ 


Condensation of the 
film occurs at higher 
/Pressure 


d catcu fated for 
/ expanded film 


- observed values of $ 


7 T dynes/cm. ZO °C 

to is 


0 ca/culated for 
condensed film 


ZO 


Fig. 5.—Variation of rate of lactonization on N HC 1 with film pressure. The 
observed values are derived from Fig. 3, and that at 10 dynes/cm. is interpolated. 


pressures is reflected in the shift of the observed <f> from the theoretical 
curve for expanded films to that for condensed films in the region of 
condensation of the film. 

It is to be noted that d(— <t>)/'bir and <)(— A)!'brr (from Fig. 5 and the 
data of Fosbinder and Rideal 8 respectively) are both greatest at about 
w ==a 10 dynes/cm. at 20° C, and decrease continuously at higher pressures 
when further condensation occurs. 

The configurations taken into account in the calculations of A and 
are indicated in Fig. 6, where a line represents the —CH a —CH a — chain, 




(c) id) (t) (f) 


Fig. 6. 


HO+ 


6 

(3) 



b 6 

(h) (j) 


and O refers to the polar head group. The broken line represents the 
water surface configurations, with variable numbers of carbon atoms 
lying in the surface ; types (c), (/), (g) and (j) were considered in the term 

and all the forms were taken into account in evaluating 3^ e~ g, /R y 

0 a 

and ^q/e~ g 7 R r . Positions (g) and (h) were considered only in the ex¬ 
ec 

panded films. 

The values of H (eqn. (5)) in each form were known from appropriate 
selections of the following energies— 

(i) work to lift CHOH from surface, 1,700 cal./mole ; 

(ii) work to lift CO a H from surface, 1,600 cal./mole ; 

(iii) work to immerse CO a H in water, 1 * 437 cal./mole ; 

(iv) work to immerse CH a in water, 1 * 625 cal./mole. 


16 Adam, The Physics and Chemistry of Surfaces , 3rd ed. (Oxford), p. 122. 
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The work done in lifting the CHOH groups out of the water surface 
and replacing them by hydrocarbon chains is given by the energy of ad¬ 
hesion to water of a long-chain alcohol less that for a long-chain hydro¬ 
carbon. The values of Harkins 17 of 91*8 ergs/cm.* and 46-0 ergs/cm.* 
for w-octyl alcohol and w-octane respectively, are different by 45*8 
ergs /cm. 8 , which, at an area of 25 A* per CHOH group, is 1,700 cal./mole, 
as given above. In the case of long-chain acids, the work of adhesion 
to water less the work of adhesion of a hydrocarbon chain gives the energy 
required to lift the CO a H group out of the surface and replace it by a CH, 
group. The work of adhesion of oleic acid 17 is 89*8 ergs/cm.*, and that 
of a hydrocarbon chain (w-octane) is 46-0 ergs/cm.*. The difference, 
43-8 ergs/cm. 2 at an area of 25 A* per molecule, is 1,600 cal./mole. 

That the exact values of H employed, and the omission of some of the 
more unlikely configurations, have little effect on the relation of </> to A 
can be seen by comparing Tables II and III with Table IV, in which the 

TABLE IV. —Effect of n and y on A and at Constant Temperature 

of 20 0 C ; a — 4-6 A 


n (dyne/cm.) 

y (dyne/cm.) 

A (calc.) 

(A*) 

A (obs.)* 

(A*) 

n (cate.) 

0 

8 

(>2*8 

02'5 

0-940 

4*7 

8 

54*5 

53 -o 

0-913 

8 

8 

49'4 

47-8 

0-894 

12 

8 

44 *o 

43'3 * 

0-848 

16 

8 

42*0 

39'5 * 

o-8oi 

0 

51 

29-9 

2 Q-6 * 

0-567 

4 

51 

29*0 

28-8* 

0-526 

9 

51 

27*9 

28*0 

0-478 

12*6 

51 

27-2 

2 6-8 

0-444 

16 

5 1 

26*5 

25-2 

0-40(> 

23 

51 

2.5-5 

23*5 

o *354 


* Value extrapolated from curves outside the region of change of state. 

figures were calculated using the simpler form of eqn. (5), replacing the 
term 

[ 7 rcil -f- Wh(b/ 2 -|- J)] by (it -f- y)al, 

where ya an Wh . . . . . (6) 

since 6/2 is small compared with l in most configurations. Only forms 
(a), (6) and (c) are taken into account in Table V, and the energy of 
removing a CHOH group from the surface is taken as 1,500 cal./mole 
(Fosbinder and Rideal 8 ). 

In the expanded films <f> calculated by the simplified method varies 
slightly more with changes in 7r than does the more exact </>, but in the 
condensed films </> calculated by the approximate method is uniformly 
less than that in Table III by about 0*05. In the two cases the agreement 
of the calculated and observed areas is similar. 

The Numerical Values of Wh and y.—For condensed films, Wh 
is found to be 318 cal.mole - * 1 A* -1 . This gives W = 221/A ergs/cm.*, 
the units of h now being A. The work of cohesion of n-octane 17 is 43-5 
ergs/cm.*, so that h = 5-1 A. This value appears very reasonable from 
a model, the measured height above the horizontal hydrocarbon chain of a 
prism such as that postulated here being 5-7 A. At lower pressures, 
when the film is expanded, Wh = 60 cal. mole- 1 A“ l , or W =41*7/^ 
ergs /cm.*, when h is expressed in A, giving h = 0*96 A. This means that 

17 Harkins, Brown and Davies, J. Amer. Chem. Soc ., 1917, 39, 354. 
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the less rigid nature of the structure allows the wedge-shaped cavity to 
be nearly filled up again with hydrocarbon chains. Adam 18 summarizes 
the evidence for the flexibility of long chains. That Mittelmann and 
Palmer could write for triolein films y — o shows that in this case the 
cis double bonds permit a very loose and mobile arrangement of the 
hydrocarbon chains. 

In eqn. (6), a is the width of a hydrocarbon chain, taken as 4*6 A, 
following Mittelmann and Palmer ; ya is thus calculated from the figures 
of Table IV to be 234 x io~ 8 erg/cm. and 37 x io*” 8 erg /cm. for the 
condensed and expanded films respectively. These values agree quite 
well with those of the more rigorous form of analysis, of 221 x io~ 8 
erg/cm. and 42 x io~ 8 erg /cm. 

Langmuir 1!> has given a different method of considering expanded 
monolayers, regarding them as duplex films, and writing the equation 
of state, 

(ir 4 - "*)(A - A 0) - kT, 


where k is the Boltzmann constant. 

For liquid expanded films of myristic acid, Langmuir obtained values 
of 11 *2 dynes/cm. for 1 r 0 and, at 20° C, 15*6 A 8 for A 0 . Though this equa¬ 
tion of state is different from (4), it may be noted that the value of y of 
6 dynes/cm. (Table IV) is not very different from w 0 for myristic acid. 

Whereas Langmuir suggested that micelles are formed during the 
condensation of the film, no such definite picture need be considered in 
the present work. The values of Wh in Table I may be the average for 
a number of separate molecules, or they may equally well be the averages 
for separate molecules and micelles. 

The Change of E with Pressure.—The results of previous workers 
on the energies of activation and rates of reaction of monolayers at 
constant pressures, together with those of the present work, show an 
interesting common characteristic, namely that although the energy of 
activation and the probability factor may vary by as much as 6,000 cal./mole 
and a factor of io 4 respectively, the actual rates of reaction measured at 
room temperatures do not vary greatly. Further, in the present work 
as well as in that of Mittelmann and Palmer, the decrease in rate at higher 
pressures can be explained in terms of concentrations of reacting groups 
in the surface, without taking into account electrical redistributions in 
the molecule, changes of mechanism of reaction, potential barriers at the 
surface, or the changed energy of activation. This suggests that the 
apparent increase in the energy of activation in the lactonization of 
y-hydroxystearic acid may not be independent of <j>. 

If we write 

k — . . . . . (7) 

where Z is the collision rate, and p, Z and E are independent of film pressure 
and temperature, the decrease in k at higher pressures by a factor deter¬ 
mined solely by <f> follows immediately. 

Taking logarithms of (7) and differentiating at constant pressure, 


/ <> In k \ / D In \ 

[dir/JRT)/*** VS )(ijRiVn 


( 8 ) 


where E' is defined as 

Thus 

or 


( <) In h \ 

~ l WTRf))n 

e-.b + xi-hQ*)'. . 

E' « E + A E. 


18 Adam, Proc. Roy. Soc. A, 1930, 126, 366. 
18 Langmuir, J. Chem. Physics, 1933, *> 756. 


(9) 

(10) 
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In completely expanded films </> is assumed constant, a procedure which 
is discussed below. So, for reaction at 5 dynes/cm. above 20° C, &E = o. 
In the partially expanded films, however, as the temperature is raised 
Wh will decrease, and consequently <j> will increase (Table I), ultimately 
tending to unity. Thus 



and E' measured for this type of film will exceed E . For reaction of 
y-hydroxystearic acid this temperature range will be 8°-33° C for films 
at 16 dynes/cm. 

It may well be significant that the films giving high E ' values at higher 
pressures or in the condensed state show this change of state about the 
temperature and pressure range in which the kinetics at constant pressure 
were studied. Furthermore, this temperature range is usually not far 
from room temperature. If the head group is larger than the hydrocarbon 
chain in cross-sectional area or if it may be bent (as in the case of the 
glycerides), squeezing out or buckling of some of the reactant groups may 
occur, decreasing </> at higher film pressures, as was the case for y-hydroxy- 
stearic acid. It is of interest to note 20 that the work of adhesion of 
the ester group to water less that of a long-chain hydrocarbon is 29 
ergs/cm. 2 , or i-roo cal./mole at 25 A 2 per group. In other words, the 
apparent increase in E' may perhaps be related to an increasing 
concentration of reacting groups in the surface at higher temperatures. 

The Magnitude of A E. —In Table I, for the case of y-hydroxystearic 
acid, the values of <f> between 8° C and 20° C give 
(ty/&r)*_ i6 = 0-133/12. 

Taking mean values of ^ and T of 0-434 and 287° K, 

A E = RT*/<f>(b<l>/'bT) n ia = 4,200 cal./mole. 

The observed value is 5,800 cal./mole. 

Between 20° and 26° C, 

(<^/dr)*-ifl = 0-194/6, 

and the mean values of <j> and T are 0-598 and 296° K, so 
A E — 9,400 cal./mole. 

This means that the plot of log 10 k against i/T will not be linear in 
this region of temperature, the numerical value of the slope increasing, as 
was found experimentally (Fig. 2). The experimental value of A-& under 
the same conditions is found from the same graph to be 12,300 cal./mole. 
Above 25 0 C, A E increases still further, and at 30° C the rate is actually 
slightly greater than in the film at 5 dynes/cm. From the simple statistical 
theory it can be seen that if Wh has the same value at 5 dynes/cm. and 
16 dynes/cm. at 30° C (since in both cases the films are expanded), <t> 
will be about o-8 or 0-9 in each case (Table II). 

The case of reaction at 16 dynes/cm. can be considered from a slightly 
different viewpoint. When the CHOH group is not in the surface, an 
approaching H s O + ion can react to form the intermediate complex if, 
and only if, energy sufficient to bring the CHOH group on to or below 
the aqueous interface be available. This extra energy appears in the 
rate equations as an apparent increase in the energy of activation of the 
lactonization process at 16 dynes/cm. 

Assumptions made in the Application of the Statistical Theory to 
the Calculation of A E. —(i) Wh is constant with change of temperature 
in the expanded state of the film. Table V gives values of <f> for the 
expanded state, using the simplified method of calculation, at three different 
temperatures. It is seen that 

((ty/dr)*, tpa = — ix io-‘, 

20 Adam, The Physics and Chemistry of Surfaces, 3rd ed. (Oxford), p. 154. 
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giving a negligible value of AF* Further, the rr—A curves of Fosbinder 
and Rideal show that there is no increase in film area at 5 dynes/cm. 
between 17 0 and 33 0 C. 

(ii) No other effects than concentration of reactant groups in the 
surface contribute to AF. 


TABLE V. —Effect of Temperature on tf > and A at Constant n and y 


71 

(dyne/cm.) 

y 

(dyne/cm.) 

/°C. 

A (calc.) 

(A*) 

4 (calc.) 

5 

8 

10 

53*54 

0*912 

5 

8 

20 

54 *oo 

0*911 

5 

8 

30 

54-46 

0*910 

14 

51 

10 

27*75 

0-424 

14 

5 * 

20 

26*96 

0-432 

14 

5 i 

30 

27*24 

0-442 

W/i>T)„ = 

1 5 , y - 8 “ ” 1 

l 

O 

X 


- 4*6 X I0“* 


=* 14 , y = 51 4 

9 X IO- 4 

(MW )„_ 14>y = 51 = 2-5 X io-a 


(iii) The p factor and Z in eqn. (7) are independent of temperature. 

(iv) The configurations and energies taken into account in the com¬ 
plete theory are the only significant ones, and that it is only in expanded 
films that the unbent vertical chain can have both the CHOH and CO s H 
groups hydrated at the same time. At lower areas, the close-packing 
of the film is assumed to make this condition impossible. 

(v) The energy, 1700 cal./mole, required to remove the CHOH group 
from the water surface is independent of temperature and pressure. 

The accuracy of the statistical method generally may be judged from 
Table I. A change of Wh from 60 to 94 cal. mole" 1 A" 1 (an increase of 
57 %)» decreases </> by 6 %, and the calculated area by 7 6 %. In all 
cases (b</>/'dT) nt y is very small (Table V). The comparison of the complete 
and simplified methods of calculation has already been given. 

The Case of Reaction at Constant Area.—This can be considered 
most simply by writing 

A f{(ir + y), T). 

Differentiating, 

d A __ / 2>A \ d(7r y )i /M\ 

dr~ + \ar/<* + y>. 

At constant area dA = o, and further, since (dA /dT) { „+ y) is known 
from Table V to be 2-5 x io~ a A 2 /deg. when (n -f- y) — 65 dynes /cm., and 
(dA/d(n + y))'j} is, from Table IV, (27*2 —25*5/12*6—23) — — 0-16, 

(t)(7r -f- y) /^T)a — + 016. 


But 

/ ty \ _/<><£ \ 4 - y)\ 

U t)a U (* + y)Ja\ *t ) a 

and the term 

( 

V<Kw + y)l a 

can be found, at a calculated area per molecule of 27-2 A*, from the data 
of Tables IV and V, to be (0-444 — o-442)/(63-6 — 65), i.e. — 1-4 x io~ s . 
Thus 


W/ a n 2 7-2A* = - 2-3 x IO-<, 
. „ RT> tM 
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using a value of <f> of 0-443 and T = 298° K. For reaction at 54*5 A # , 
the data of Tables IV and V give &E = — 51 cal./mole. So for reactions 
carried out at constant areas the theory predicts that A E will be negligible, 
or ar any rate very small, both at high and low areas. It is perhaps sig¬ 
nificant that Fosbinder and Rideal, 9 hydrolyzing y-stearolactone at constant 
area, found E and p values of 12,500 cal./mole and 8-2 x io~ 5 respectively. 
They pointed out that these values are close to those for analogous bulk 
reactions. The pressures of the film at the upper end of the temperature 
range in which they worked would be of the order of 16 dynes/cm. 

The p Factor.—Using the value of E' and the method of Fosbinder 
and Rideal, p', the apparent p factor, is given by 


But 


since 


k = p'Ze-vi**. 

k - <f>pZe~EjRT t 

p'e&isinr 
... P = --—. 

E’ ■-= E + A E. 


( 7 ) 


(10) 


Indicating the pressures by subscripts, and using the values of A E 
and <f> of 4,200 cal./mole and 0*434 for the temperature range 8°-2o° C, 

ft is = ft' X 14-5 x IO- 4 , 

or, using the value of 0-38 for p', p 19 = 5-5 x io~ 4 . Similarly, 

Pb — 4 3 X io~ 5 X 113 = 4*8 x io- B . 

The difference between p ie and p B is clearly very much less than between 
p ' 19 and p'.. 

Further work on the energies of activation for the lactonization of 
y-hydroxystearic acid, carried out at different constant areas should give 
a valuable check on the applicability of the results derived from a com¬ 
paratively simple model of the reactant molecule. Study of reactions 
in which A E is large, over a much wider temperature range should also 
yield interesting information, but the experimental difficulties in making 
accurate measurements under these conditions would become increasingly 
severe. 
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It has been shown that the experimental data indicate that single bonds, 
which are usually described in terms of resonance between ionic and covalent 
structures, exhibit contractions which are approximately directly proportional 
to the resonance energy. The covalent radius of hydrogen has been discussed 
and reasons for the choice of a value of 0*32 A have been given. The bond lengths 
of the hydrogen halides have been calculated by means of the valence-bond 
method. An expression for the bond length of the actual state of the molecule 
has been obtained from the first derivative of the secular equation with respect 
to internuclear separation. An approximate evaluation of the dependence of 
the resonance integral on mternuclear separation has been made which enables 
the bond-length expression to be used quantitatively. The results are in satis¬ 
factory agreement with the experimental data. A number of the approximations 
used have been discussed critically. It has been shown that the agreement 
between experimental and calculated bond lengths is independent of quite drastic 
alterations in some of the uncertain parameters. It has been demonstrated 
that the simple valence-bond treatment of dipole moments in terms of ionic 
character leads to the result that a negative sign for {r a -~rf) t i.e. bond contraction, 
is the only relationship between r a and r l which is compatible with the con¬ 
clusions of other authors concerning the change in dipole moment with inter- 
nuclear separation for the hydrogen halides. 


Introduction 

The calculation of the lengths of carbon-carbon bonds in unsaturated 
molecules by the valence-bond method is now well known due, chiefly, 
to the work of Pauling 1 2 and Penney 8 and their collaborators. The posi¬ 
tion is by no means as satisfactory for the case of molecules which contain 
covalent bonds between atoms of different electronegativity, i.e. covalent 
bonds which possess partial ionic character. The valence-bond method 
treats such molecules in terms of resonance between pure covalent * and 
ionic structures. There has already been a certain amount of discussion 
concerning the effect of this type of resonance on bond length. 3 * * * * Some 

1 Pauling, The Nature of the Chemical Bond (Cornell University Press), p. 171, 
et seq. Pauling, Brockway and Beach, J. Amer. Chem. Soc. t 1935, 57, 2705. 

2 Penney, Proc. Roy. Soc. A, 1937, 158, 306. 

* A " pure covalent structure " is considered to be one in which all the 

members of the particular type of bond under consideration in the molecule 
are “ pure covalent bonds." A " pure covalent bond " between the centres 

A and B is defined as follows. The wave function describing this bond is a 
conventional Heitler-London function without ionic terms (or, at least, with 

H— —h 

only small and equal contributions corresponding to AB and AB). It is 
envisaged as an overlapping, without distortion, of the two atomic eigenfunctions 
concerned, hence, as a first approximation, the bond is assumed to have no dipole 
moment. It is also assumed that the dissociation energy of such a bond is given 
approximately by Pauling’s geometric mean rule and the normal internuclear 
separation by the sum of the covalent radii. 

8 Schomaker and Stevenson, J. Amer. Chem. Soc., 1941, 63, 37. 
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462 THE VALENCE-BOND METHOD 

aspects of this problem have been treated qualitatively by the writer 4 
and more recently we have published the results of some calculations of 
the bond lengths of the hydrogen halides. 5 * In the present paper the 
empirical evidence concerning the effect of ionic character on the lengths 
of single bonds is examined and certain conclusions with regard to covalent 
radii, particularly for the case of hydrogen, are described. A more 
extensive and critical discussion of the calculation of the bond lengths 
in the case of the hydrogen halides, especially with regard to a number of 
uncertainties in the method, is presented. Some modifications in the 
earlier method 5 have been made and the results of these improved cal¬ 
culations are given. 

Bond length calculations for unsaturated hydrocarbon molecules can, 
in principle, be carried out in all cases starting from two basic bond lengths, 
viz. the C—C and the C=C distances. Little uncertainty attaches to the 
assignment of values to these quantities. This is, unfortunately, not so 
for instances of resonance between ionic and covalent structures ; here, 
each case considered involves specific values for the normal intemuclear 
separation in the two structures. For pure covalent structures Pauling • 
has suggested the rule of additivity of covalent radii in order to obtain 
the required intemuclear separation for a bond in such a pure state. The 
usual method for determining the covalent radius of an atom A consists 
in taking half the A—A distance observed in the diatomic molecule or 
in a molecule which contains A atoms linked together by a pure covalent 
bond (or a " normal covalent single bond ” 7 ) unperturbed by resonance 
with any other type of structure. On this basis, Pauling 8 * arrived at 
the conclusion that partial ionic character had a negligible effect on bond 
length since the observed lengths of many bonds, e.g. C—F, which possess 
considerable ionic character, were found to be practically identical with 
the appropriate covalent radius sums. Cases of bonds deviating from 
additivity are treated by Pauling in terms of resonance involving multiple- 
bond structures. However, this view does not seem very plausible if 
use is made of the revised values for the covalent radii of fluorine, nitrogen 
and oxygen. 8 Many bonds which conformed to additivity on the basis 
of Pauling's radii are now accepted to exhibit considerable contractions. 

It has been recognized 3 - 8 that some of these instances of bond con¬ 
traction cannot be explained satisfactorily by resonance involving multiple- 
bond structures and that resonance between ionic and covalent structures 
also causes a contraction in bond length relative to the sums of covalent 
radii. This feature is illustrated by Fig. i and 2. In Fig. i bond con¬ 
traction, i.e. (fobs. — covalent radius sum), is plotted against R iv , the extra 
ionic resonance energy of the bond. This quantity R\ c , which is a con¬ 
venient approximate measure of the ionic character of a bond, has been 
derived in the well-known manner by using Pauling's geometric mean 
rule, 10 viz. for a bond between atoms A and B, 

R\ c = D AB — V^Z) AA x D bb , 

where D AB is the observed bond energy and D AA and £> BB the bond energies 
in the structures A—A and B—B which involve normal covalent bonds. 
Pauling’s bond energy values have been used. 

The points shown in Fig. i result from a search of the literature for 
experimental data concerning predominantly covalent single bonds which 
do not involve hydrogen and for which the participation of structures 
containing multiple bonds between the two atoms is ruled out as far as 

4 Warhurst, Trans. Faraday Soc., 1944, 40, 26. 

5 Warhurst, Victor Henri Memorial Symposium (Liege, 1948), p. 57. 

• Pauling, loc. citA, Chap. V. 

7 Pauling, J. Amer. Chem. Soc., 1932, 54, 3570, and 988. 

8 Pauling, loc. at. 1 , pp. 230 and 232. 

• Burawoy, Trans. Faraday Soc., 1943, 39, 79. 

lw Pauling loc. tit. 1 , p. 50. 
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i.e. BC ~ Hal, has been rendered extremeW unlikely by restricting con¬ 
sideration to the methyl derivatives. Similarly, the structure C N = Cl 
is not considered to participate to an appreciable extent in the molecules 
XI \ 

(CH 8 ) a NCl and (CH 8 )N<( , from which the data for the N—Cl bond 

have been derived. 

Fig. 2 shows a similar plot for the X—H bonds of hydride molecules, 
but, in this case, for reasons which are mentioned later, the quantity 
( fobg i. c . the difference between the observed bond length and the 

covalent radius of the X atom, has been plotted against i?i c . 



Fig. 2. 


All the bond-length data in Fig. 2 arc spectroscopic values. Data for HF, HC 1 , 
HBr and HI from Herzberg, Molecular Spectra and Molecular Structure, Vol. I, 
Diatomic Molecules (Prentice-Hall, Inc., New York, 1939). Data for H 2 0 , NH 8 , 
H 2 S, SiH 4 and CIi 4 from Herzberg, Infra-red and Raman Spectra of Polyatomic 
Molecules (Van Nostrand Co. Inc., New York, 1945). 

The points indicated □ are the calculated values for the hydrogen halides 
from Table III. 


Fig. 1 and 2 demonstrate a number of points which are of considerable 
interest. 

(1) In the case of the hydride molecules there is no possibility of 
multiple bonding. In view of this, the very similar trends shown by 
both Fig. 1 and 2 are considered to add further strong support to the view 
that multiple bonding plays a negligible part in the molecules which have 
been used to provide the data of Fig. 1. The data for both sets of mole¬ 
cules are regarded as demonstrating that resonance between ionic and 
covalent structures causes a contraction in bond length which increases 
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in magnitude very approximately in a linear manner with increase in 
ionic character.* 

(2) Fig. i and 2 are also considered to provide strong support for the 
concept of covalent radii, in the sense that a set of radii for atoms can 
be derived by the method mentioned above (with the exception of hydrogen 
which is discussed below), the appropriate sums of which do give satis¬ 
factory values for the observed bond lengths, provided the ionic character 
and partial double-bond character of the bonds are negligible. Of course, 
the number of such cases is small. In other words, the sums of such radii 
provide a useful basis from which to discuss anomalies in bond length in 
terms of resonance effects. 

(3) The data in Fig. 2 are plotted in such a way that the value of the 
ordinate for an X—H bond which possesses zero ionic character should 
correspond to the covalent radius of hydrogen as defined in the last para¬ 
graph. Tlie linear trend of the points extrapolates to an intercept of 
0*31 to 0 33 A for i?t c = o and it seems highly unlikely that the extra¬ 
polation could tend to an intercept of 0 37 A. It is concluded, therefore, 
that the appropriate value for the covalent radius of hydrogen is 0*31 
to 0 33 A and not 0 37 A as obtained by taking half the internuclear separ¬ 
ation in the hydrogen molecule. It is perhaps not so surprising that the 
method which identifies the covalent radius of an atom with one half 
the internuclear separation in the diatomic molecule should break down 
in the case of hydrogen, since in this diatomic molecule there are no 
electrons present other than the two which constitute the bond. Another 
factor which may be important in this connection is that the bond in the 
hydrogen molecule arises from the overlapping of two s eigenfunctions. 
This 5—5 type of bond does not occur in any of the molecules dealt with 
in Fig. 1 and 2, nor does it occur in any of the A—A bonds from which the 
covalent radii of all the other atoms have been derived. 

The choice of a value for the covalent radius of hydrogen affects the 
details of the calculations of bond lengths in hydride molecules insofar 
as it influences the values for the normal internuclear separation, r lt for 
the pure covalent structures. Two complete sets of calculations for the 
hydrogen halides have been made, based on covalent radii of 0-32 A and 
0 37 A for hydrogen. Most of the details and discussion presented in 
this paper refer to the former value since, for the reasons given above, 
it is considered to be by far the more plausible choice. Some results 
based on the value of 0-37 A are also given in order to demonstrate 
that the success of the calculations in reproducing the main features 
of the experimental data is not dependent on a specific value for this 
quantity. 

Since the observed lengths of covalent bonds which possess partial 
ionic character are smaller than the corresponding covalent radius sums, 
and since the latter are invariably smaller than the sums of the appropriate 
ionic radii, it is clear that resonance between ionic and covalent structures 
produces the curious consequence that the observed length of such a 
bond does not lie between the extreme values corresponding to the co¬ 
valent and ionic structures but has a value which is less than either. An 
acceptable description of these bonds in terms of resonance of this kind 
must, therefore, be able to account for this important feature. 

The hydrogen halides provide the simplest case for an attack on the 
problem since other factors such as multiple bonding, changes in hybrid¬ 
ization and degeneracy in the ionic state can be excluded from con¬ 
sideration. 

* Schomaker and Stevenson 8 arrived at a similar conclusion and expressed 
this in the form of an empirical relationship. However, the issue does not emerge 
so clearly from their paper since they applied the relationship to a large number 
of bonds which probably possess multiple-bond character. 
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Derivation of the Bond-Length Equation 

Consider the case of a diatomic molecule AB, for which the actual 
state of the molecule is described in terms of a resonance between a pure 
covalent state A : B, and an ionic state A+B" containing an “ extreme 
ionic bond 7 ”. Let 0 lf V x and r lB 0 2 , V 2 and r 2 and 0 O , V a and r a represent 
the wave function, potential energy and normal internuclear separation for 
the covalent state I, the ionic state II and the actual state of the mole¬ 
cule, respectively. The quantities r lt r 2 and r a are special values of the 
general parameter r and correspond to minimum values of the respective 
potential energies. The 0's and F's are functions of r, the subscripts 
merely indicate the state to which these quantities relate. The valence- 
bond approximation for 0 fl is then written 

0 a = #101 + #202.(°) 

where a x and a 2 are the “ participation coefficients " for the two states 
I and II. If 0 a is normalized and 0 A and 0 a are normalized and assumed 
to be mutually orthogonal, then the energy of the actual state of the 
molecule is given by the lower root of the secular equation, 

f.= w + iv, -{( ?»" — 1 ■)*+ w>y, . . (i) 

where W — J0 1 i/0 a dr = j > 0 8 //0 1 dr 

is the so-called resonance or overlap integral. An alternative form of 
eqn. (i) is 

R = - S/2 + {(S/2)* + W')i t .... (2) 

where R = V x — V .(2 a) 

is the resonance energy referred to state I and 

S » V t - V x . . .. . . [2b) 


is the energy of separation between the two states I and II. Defined in 
this way R is always positive. For the hydrogen halides S is also positive, 
since V s > V t , 

Corresponding to pure state I we have 5 large and positive and S > W . 
Corresponding to pure state II we have 5 large and negative and — 5 W. 

The resonance integral is given by 

W - - {R(R + S)}« .... (3) 

and the participation coefficients are given by 


From (2) and (4) it is evident that in the transition from a pure state I 
structure (R — o, 5 = - f 00) to a pure state II structure 

(i? = - f. oo t S — — R ~ — 00), 

a\ varies without discontinuity from o to 1, as expected. 

Differentiation of eqn, (1) or (2) with respect to internuclear separation, 
introduction of the condition (dF c /d r) fa = o, and the approximation that 
over the relevant range of r the potential energies of states I and II can 
be represented by parabolic functions, 

Le - = and (^r)* 
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leads to the following expression for the bond length r„: 

'• - r ‘ + ~ ri) + x wY 

where = ©)* and *• = (S’),, 


(5) 


are the restoring force constants for the pure covalent and ionic bonds, 
respectively. Using (3) and (4), this equation can be cast into the form, 


r * ' 1+ aR + SxA, {^’ r ' )+ kJ R X dr( VR(R+S))}- <5«) 
l R )k, + I 

If it is not assumed that fa and <^ a are orthogonal and the orthogonality 
integral, j^i^ a dT, is denoted by 8, then it can be easily shown that differ¬ 
entiation of the more general secular equation gives the following ex¬ 
pression for the bond length, 


° 

U \)k % 

and the following relationships hold: 

a\ R + S _ _ 

^ and (W - 8F„) = - VR(R + S). 


+ 1 


{V* - ; 


4 v 

+ ~k,R X dr 


(W — SF 0 )J, 


(5&) 


It can be seen that substitution of these relationships into (56) leads to 
an expression which is identical with (5 a). Now the parameters R and 
5 are the ones which are most directly available from empirical data and 
others, such as a\, W, etc., have to be evaluated from these. The values 
of R and S, at r = r a , which should be substituted in the bond-length 
expression are thus independent of the nature of the assumption concerning 
the orthogonality integral. Hence the fact that, expressed in terms of 
R and S, eqn. (5) and (5ft) both reduce to (5a) means that the values of 
r a calculated by the present method are independent of the nature of this 
assumption. For simplicity the method is discussed in the following 
sections in terms of the formulation based on the assumption 8 = 0. 

The second derivative of eqn. (1) gives the general expression, 


d*V a 

dr* 


= (1 - 


*' dr* ^ dr 1 


/tV, dF.wdF, dV a \ /dW\ , /dlf\' 

\w~ d^rar - arj w \d^) + [-^) 

R + S/2 R + S/2 


Eqn. (o), (1), (2), (3), (4) and (6) hold for all values of r, eqn. (5) specifically 
refers to r — r a . In using any one of these equations for a particular 
internuclear separation the values of the parameters should, strictly, 
refer to that particular value of r. 

Before describing the details of the application of eqn. (5) for the cal¬ 
culation of bond lengths a number of points must be dealt with first. 


The Description of the Ionic State II 

The potential energy V t and its first and second derivatives with 
respect to r have been obtained by the use of the Born and Mayer 
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expression. 11 Relative to the zero corresponding to dissociation into 
neutral atoms, to which V « and V x are also referred, the expression 
becomes 

C I A V r )IP\ 

(V % )r = « a { - - + -} + /„ - E x , . . (7) 

where e = the electronic charge, 

I K — the ionization potential of hydrogen, 

E x — the electron affinity of the halogen, 

and p = a constant, the magnitude of which is discussed below. General 
expressions for (dF 2 /dr) f and (d J F l /dr l ) f and the specific quantity 
(d*F a /d r') rt — k t can easily be obtained by differentiation of eqn. (7). 

The values obtained previously by the writer 4 for r t , the normal inter- 
nuclear separation in the ionic state, for HC 1 , HBr and HI have been used 
in eqn. (7). The same approach applied to HF gives r a — mo A. Some 
uncertainty attaches to these values for molecules such as the hydrogen 
halides, but variations of 0*10 A in the r a values have no marked effect 
on the calculated bond lengths. Much more drastic changes in the 
parameters of the ionic state produced by changes in the constant p are 
discussed below. 

From a study of data for alkali metal halides Born and Mayer 11 
derived a value of 0-345 for the constant p. Some doubt may be felt in 
the use of this value in eqn. (7) and its derivatives, since the positive ion 
is a proton. It was considered that the effect of changes in p on the results 
of the calculations merited careful examination. An indication of the 
direction in which changes in p ought to be made, compared with the 
value 0-345, in order to apply more accurately to an ion pair H+X" can 
be obtained in the following way. Pauling and Wilson consider 18 that 
one of the excited states of the hydrogen molecule is to be identified with 
the ionic structure H+H-. This state is characterized by r 0 = 1-30 A, 
co 0 = 1338 cm. -1 and D = 79 kcal. mole" 1 , corresponding to dissociation 
into H(2 s) + H(is) which gives JD 1 = 140 kcal. mole -1 for dissociation into 
H H H- H". Zener and Kemble 13 and Zener and Guillemin 14 have ex¬ 
pressed similar views, although calculations failed to give the degree of 
ionic character of this state at r = r 0 . Using the Born and Mayer equation, 
the value of p which gives a reasonable “ fit " for both D 1 and k t (calculated 
from uj 0 ) can readily be found. The result is, p ~ 0-55. It cannot be 
considered that this value is likely to be the correct one for our calculations, 
since the exact nature of this excited state of hydrogen is not sufficiently 
well established. The result, however, does indicate strongly that if the 
Born and Mayer expression is accepted as a reasonable function to describe 
the energy of ionic states in which the positive ion is a proton, then a 
value of p somewhat larger than 0-345 should be employed. Accordingly, 
two completely parallel sets of calculations have been carried out with 
two different values of p ; one value (0-333) being close to the Born and 
Mayer value, the other (0-400) being somewhat greater. The two values 
of p result in different calculated values for V a and its derivatives with 
respect to r. The changes in V t are relatively small, but for first and 
particularly second derivatives of V t they are quite drastic, in some cases 
amounting to a factor of two. However, the quantities S, W % k x and y, 
and the calculated bond contractions and bond lengths, the evaluations 
of which depend in various ways on these parameters of the ionic state, 
turn out to be surprisingly insensitive to the changes in p. This, for¬ 
tunately, is particularly the case for the bond lengths. The two different 
values of p produce variations in the calculated bond contractions of less 

11 Born and Mayer, Z. Physik., 1932, 75, 1. 

18 Pauling and Wilson, Introduction to Quantum Mechanics (McGraw-Hill, 
1935 )., P. 354 - 

18 Zoner and Kemble, Physic. Rev., 1929, 33, 512. 

14 Zener and Guillemin, tbid., 34, 999. 



ERNEST WARHURST 


469 

than 10 % and variations in the calculated bond lengths of less than 2 % 
for all the hydrogen halide molecules. Such variations are not regarded 
as significant in view of the approximate nature of the method. All 
the results of calculations presented in this paper are based on p = 0-400, 
which is considered to be the more plausible of the two values. 

The Resonance Energy and the Energy of Separation 

The quantities R and S as defined by eqn. (2 a) and (2 b) are dependent 
on r and the derivation of values for these two parameters from values 
of V a , Fj and V % requires some consideration. For substitution in eqn. (5), 
the appropriate values of R and S should strictly refer to r = r a . This 
presents a number of difficulties, one of which arises from the lack of 
knowledge of certain parameters for the pure covalent state I. For this 
state Pauling's 6 additivity rule for covalent radii provides an approximate 
value for r t , and his geometric mean rule 10 an approximate value, F G . M ., 
for the potential energy which, presumably, should apply to r — r x . 
Nothing further is known concerning this state. The correct * values of 
R and S for r = r a are 

R = (V t )ra - D t and S = (F,) r . - (V x ) Tm . 

But (VJra, which is slightly different from F g .m. since r a + r lf is unknown. 
Further, the evaluation of (F a ) fo from eqn. (7) involves a knowledge of 
r a . If considerations are transferred from r a to r lt for which the value 
of V x is known, i.e. F G . M ., then the correct values of R and 5 are 
R « F g . m . - ( V 0 ) r , and 5 « (V % ) ri - F G . M .. 

It is clear that S can be evaluated without knowledge of r a , but for R 
the quantity (V a ) ri is slightly different from D 0 and its evaluation by means 
of, say, a Morse function requires a knowledge of r a . These difficulties 
could be removed by adopting a method of calculation based on suc¬ 
cessive approximation. Such a method, however, in order to constitute 
a real improvement on the less rigorous methods described below, would 
require independent data concerning k lt W and its dependence on r. 
This is not available ; indeed these quantities have to be calculated in¬ 
directly from R and 5 . 

Two alternative approximations for values of R and 5 for use in 
eqn. (5) have been adopted. The first uses 

R - F q . m . - D 0 and S = (V t ) fi - F G .*.. 

Both R and S can thus be evaluated without knowledge of r fl . The second 
approximation uses the correct values for R and 5 for r = r x , i.e. 

R - F 0 .h. - (F 0 ) ri and 5 - (F a ) fl - F G . H .. 

In this case the value of r a enters into the calculations in a minor way 
in the evaluation of (F 0 ) ri . The approximate values of k ly obtained by 
a method described in a subsequent section, enable rough estimates to 
be made of the inaccuracies introduced by use of these approximations. 
The effect on the calculated bond lengths is relatively small and, further¬ 
more, is offset by another factor arising from the assumption of parabolic 
potential energy curves for states I and II in the derivation of eqn. (5). 
This point is discussed in a later section. 

The Form of the Resonance Integral W f 

A knowledge of the dependence of W on internuclear separation in 
the region r & r a is required for the evaluation of d W/dr (and for the 

♦The term 44 correct ” is used in the sense that the potential energies for 
the actual state and states I and II are properly referred to the same value of r. 
The values of the potential energy obtained from Morse and Born and Mayer 
equations are, of course, realized to be approximations. 

t If the calculation of bond lengths is approached from the more general 
standpoint, i.e. it is not assumed that and are orthogonal, then the con¬ 
siderations of the present section concerning the dependence of W on internuclear 
separation should be taken to apply to the function (W — $F # ) instead of W. 
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less important quantity d*W/dr % ). Any rigorous formulation of such 
integrals as functions of r would probably be much too complicated for 
the present treatment. A more empirical approach has, therefore, been 
adopted. The problem would be simple if, for a given molecule, W could 
be evaluated for a number of values of r. This is not possible on account 
of the lack of knowledge concerning the covalent state I. The problem 
thus presents some difficulty, 

A number of qualitative considerations point to the conclusion that 
in the region r ^ r a , as r increases W decreases in magnitude, i.e. dW/dr 
is positive, since W is negative. In the first place, the magnitude of W 
is related to the spatial overlapping of the wave functions ^ and 0 a . 
This overlapping probably decreases as r increases, becoming zero at 
r — co. Secondly, in the treatment of unsaturated hydrocarbon mole¬ 
cules by the valence-bond method, overlap integrals between different 
valence-bond structures can all be expressed approximately as a numerical 
coefficient multiplied by a, the well-known interchange integral for two 
electrons on adjacent carbon atoms. It does not seem unreasonable 
to assume that in the region of internuclear separations of the order of 
covalent bond lengths dPT/dr will have the same sign as the derivatives of 
the above type of overlap integral, and therefore the same sign as da/d r. 
Likewise the sign of dj 3 /d r, in which p is the molecular-orbital analogue of 
the integral a, might reasonably be assumed to indicate the sign of dW /dr. 
The integrals a and p can be related approximately to empirical data, 
and evaluated over a range of r, and it is clear from the work of Lloyd 
and Penney 16 and Lcnnard- Jones 16 that da/d r and dp/dr are both positive. 
Further evidence for a positive sign for dW /dr is given below. 

As mentioned above, the exact form of If as a function of r would 
doubtless be very complicated. However, the work of Born and Mayer 11 
and Pauling 17 has amply demonstrated that over a limited range of inter¬ 
nuclear separation the repulsion between two ions, for which a quantum- 
mechanical treatment with a simple model yields a very complicated 
and unwieldy expression (see, for example, Pauling’s paper 17 ) can be 
adequately represented by a single exponential or a single inverse power 
term. It is therefore suggested that the dependence of W on r in the 
region r r a can be represented sufficiently accurately for present pur¬ 
poses by the expression 

W r = W' rj e- ,,(r-r) '.(8) 

in which W r and W rj are the values of the resonance integral at the inter¬ 
nuclear separations r and r it respectively. There remains the evaluation 
of the constant y and the determination of its sign, which the above quali¬ 
tative considerations indicate to be positive (dW/dr positive). In the 
Born and Mayer equation the constant p is found to be the same for a 
wide variety of ion pairs. As a first approximation the same situation 
has been assumed to hold for y in the case of the hydrogen halides. 
Support for this assumption and further indication that the sign of y is 
positive arises from the following considerations. The only value of r 
for which R and 5 , and hence W, can be evaluated correctly is r = r v 
If, for the four hydrogen halides, the values of log W Tv so obtained are 
plotted against r x the points lie well on a straight line, indicating that 
these values of W satisfy an equation of the type (8) with a positive sign 
for y. 

The assumption has now been made that the value of y obtained from 
the slope of this line when used in eqn. (8) represents approximately the 
dependence of W on r in the region r & r a for each individual hydrogen 
halide. One crude way of interpreting this assumption is that we consider 

15 Lloyd and Penney, Trans. Faraday Soc. t 1939, 35, 835. 

18 Lennard-Jones, Proc. Roy. Soc. A, 1937, >5®, 280. 

17 Pauling, Z. Krist., 1928, 67 (3/4 Heft.), 377. 
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that the stretching and compressing of, say, the HC 1 molecule alters W 
in a manner given roughly by the variations in W brought about by changing 
the HC 1 molecule into structures resembling the two neighbouring halide 
molecules. HF corresponding to compression and HBr corresponding to 
extension. This approach is regarded as no more than a rough ap¬ 
proximation, but, failing more rigorous methods, it was considered worth¬ 
while to investigate the consequences of its use in evaluatiug bond lengths 
by means of eqn. (5). 


The Force Constant for the Pure Covalent State I 


This quantity k lt which occurs in eqn. (5), is not obtainable directly 
from experimental data. In the first method of calculation of bond 
lengths, described in the next section, the approximation k t w k a has 
been employed. However, k x can be calculated approximately from 
eqn. (6), the second derivative of the secular equation. For r = r v 


and (6) reduces to 
/ d a E, 

\ dr* 


(dVJdr) n = o, (d'VJdf*) n = k x 


) ri ~ (I ~ Uj)kl + a *(~dr*~) n 

r 


+ 


‘dVj/dV 
L dr 


'( 


_ dV: 

dr dr 

R + Sji~ 


) 1 , [ 




(dW\* 1 
\ dr ) J r 


R -f 5/2 


( 9 ) 


in which R and 5 can be correctly formulated as 


To.m. - (V a ) ri and (V 2 ) ri - F 0 . M . 

respectively. The appropriate values of V a , dV a /dr and d*V a /dr* can 
be obtained by the use of a potential function, e.g. a Morse function ; 
those for V s , dV 2 /dr and d*V 2 /dr* can be obtained from (7) ; W, dW /dr 
and d*W /dr* can be obtained from (3) and (8) together with the value of 
y determined by the method described in the previous section. The 
participation coefficient is evaluated from (4). Eqn. (9) thus contains 
only one unknown, k v 

The calculated values of k x are shown in Table III. Similar approxim¬ 
ate calculations of k x have been made using the function suggested by 
Dunham for the evaluation of the parameters for the actual state of 
the molecule. The Dunham equation, neglecting powers of (r — rj 
greater than the fourth, can be written 


(V*)r = k j(r - 0*[i + i(r - r.) + Jj?(r - r.)*]. 

The constants of the Dunliam equation for the hydrogen halides were 
taken from the paper of Hulbert and Hirschfelder. 19 This latter method 
gave values of k x which did not differ significantly from those obtained 
by the use of a Morse function. 

Although the method outlined above for the calculation of k x is formally 
correct there are a number of reasons why no great accuracy can be 
attributed to the results. In the first place, d *Wjdr 2 has to be evaluated 
by means of the second derivative of eqn, (8), which equation is only 
regarded, at best, as being able to provide approximate values of dW /dr. 
Secondly, the use of Morse or Dunham functions and the Born and Mayer 
equation for the evaluation of first and particularly second derivatives 
of energy is not expected to yield other than approximate values. For 
example, the best available data, by means of which the potential energy 
of the actual state of the molecule can be formulated, are derived from 


J8 Dunham, Physic. Rev., 1932, 41, 713 and 721. 
18 J. Chem. Physics, 1941, 9, 61. 
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the vibrational levels of the molecule. For each hydrogen halide molecule 
the potential energy change D 0 — (V a ) fv corresponding to a change in 
internuclear separation from r a to f lt is much smaller than the energy 
spacing of the lower vibrational levels. This is particularly the case for 
HC 1 , HBr and HI. In other words, the formulation of potential energy 
curves by means of Morse or Dunham functions has to make use of data 
which is much too “ coarse-grained " for present purposes, especially 
with regard to the evaluation of second derivatives of energy. Accord¬ 
ingly, the calculated values of k x are merely regarded as an alternative 
approximation to the use of k x k a for the evaluation of bond lengths 
by means of eqn. (5). Fortunately, there is only a slight difference be¬ 
tween the results obtained by the two methods. 


The Calculation of the Bond Lengths 


Differentiation of eqn. (8) gives 

(dW/dr) r = - yW r . 


Substituting this in (5) and using (3) gives the convenient expression : 


- A = r a — r t 



2 y(R + S)\ . 

k t r 


(10) 


A may be termed the bond contraction. 

The evaluation of the parameters of the right-hand side of this equa¬ 
tion has been dealt with in previous sections. The data shown in Table I 


TABLE I 


Molecule 

-Do 

-Fg.m. 

ka 

't 

r a (obs.) 

1 

r H -o - 3 7 

'1 

A (obs.) 


A (obs.) 

HF 

147*5 

8i*o 

1385 

I*IO 

0*917 

1*04 

O* I 2 j, 

1*09 

o*l 7 a 

HC 1 

102*7 

77*3 

742 

1*50 

1*275 

i* 3 * 

0*035 

i-36 

0*085 

HBr . 

87*3 

69*0 

591 

1-Go 

1*414 

1*46 

°'° 4 . 

i* 5 i 

o*° 9 « 

HI 

71*4 

6i*2 

4^3 

i *75 

1*604 

1*65 

0-04, 

i 1*70 

o* 09 6 


Energies are given in kcal. mole -1 , force constants in kcal. mole- 1 A -2 and 
internuclear separations in A. 

r H = covalent radius of hydrogen. 


have been taken from the following sources. D 0 and F 0 . M . from Pauling's 
book; 80 values of k a have been calculated from fundamental vibration 
frequencies ; 21 observed internuclear separations have been taken from 
Herzberg’s book ; 28 values of r x have been obtained from the covalent 
radii given by Schomaker and Stevenson, 8 with the exception of the 
covalent radius of hydrogen, which has been discussed fully in the intro¬ 
duction ; the values of r, have been discussed in a previous section of 
this paper. 

Methods of Calculation of the Bond Lengths 

(i) Without introducing the value of r a in any way into the calculations, 
the approximations 

R = Fg.m. -Do and S = (F t ) fl ~ V Q .u. 

20 Loc . cit. 1 , p. 52. 

21 Kohlrausch, Der Smekal-Raman Effekt (Springer, 1938), p. 124. 

28 Molecular Spectra and Molecular Structure, Vol. I, Diatomic Molecules 
(Prentice-Hall, New York, 1939). 
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have been used. Using these, approximate values of W can be obtained 
by means of eqn. (3). The values of log W when plotted against r t lie 
quite well on a straight line giving a value for the constant y of eqn. (8). 
The approximation k x & k a has been used. Table II gives the calculated 
values of A and r 0 based on p = 0*400 and 0*32 A for the covalent radius 
of hydrogen. Table IV gives the calculated values of A and r a based on 
p = 0*400 and o*37 A for the covalent radius of hydrogen. 

TABLE II 


Molecule 

R 

(appr.) 1 

Vq.u. - A> 

s 

(appr.) 

<E.)r 1 ~K g.M. 

- W 

4 

h 

A 

(calc.) 

A 

(obs.) 

fa 

(calc.) 

fa 

(obs.) 

HF . 

66*5 

103-5 

106*3 

0*281 

187 

0*137 

0*123 

°‘ 9 °a 

0*917 

HC1 . 

25*4 

138-4 

64*5 

o* I 3 4 

172 

o*o9 4 

0*035 

1*213 

! 1*275 

HBr . 

i®*3 

141*1 

54 "° 

0*103 

162 

o*o8 7 

°'° 4 « 

I * 37 a 

i 1*414 

HI 

10*2 

148*9 

4°"3 

o*oOo 2 

147 

o*o6 4 

0*04, 

1*583 

1*604 


Energies are given in kcal. mole -1 , force constants in kcal. mole -1 A -2 and 
internuclear separations in A. 

Born and Mayer constant p = 0*400 ; y = 1*52, from the plot of log W 
against r v 

The observed and calculated values of r a and A arc based on r B — 0*32 A. 

(ii) This method refers the values of all the parameters of eqn. (10) 
to y ~ r v for which internuclear separation R and 5 can be “ correctly " 
evaluated. Values of W Tx are obtained by means of eqn. (3) and a value 
of y from the plot of log W fl against r v The calculated values of k x are 
used. The calculated values of A and r a based on p = 0*400 and 0*32 A 
for the covalent radius of hydrogen are shown in Table III, and the cor¬ 
responding values of (r a — r x ) are plotted in Fig. 2. 

TABLE 111 


Molecule 

R 

S 

- w 

«* 

ki (calc.) 
(Morse) 

A 

(calc.) 

A 

(obs.) 1 

fa 

(calc.) 

fa 

(obs.) 

HF . 

58*8 

103-5 

97-7 

0*266 

1027 

0*15i 

0*123 

o* 88 . 

0*917 

HC1 . 

25*1 

138*4 

64*1 

0*133 

872 

0*075 

0*035 ; 

i-236 

1-275 

HBr . 

17*6 

141*1 

52*9 

0*0997 

59« 

o*° 7 8 

0*04, j 

1-38, 

1*414 

HI 

9*7 

148*9 

39*2 

o-°57fl 

431 

o*o6ji 

°’°4« I 

■ 

1-58, 

1*604 


Energies are given in kcal. mole -1 , force constants in kcal. mole -2 A -2 and 
internuclear separations in A. 

Born and Mayer constant p =* 0*400 ; y = 1*44 from plot of log W against 
r x ; R, S, W and a\ refer to r -- r v 

The observed and calculated values of r 2 and A are based on r B — 0*32 A. 

These calculated values of A and r a given in Tables II, III and IV 
require correction in two respects. Firstly, as mentioned in a previous 
section, the correct values of R and S for r = r a cannot be obtained in a 
simple manner and both methods of calculation have employed approxim¬ 
ations. Secondly, there is the assumption, usually made in calculations 
of this kind, that the energy curves for states I and II are parabolic over 
the relevant region of r. Rough estimates of these two corrections can 
be made by using the calculated values of k lt together with a Morse function, 
to define an energy curve for state I. The corrections turn out to be 
opposite in sign and calculations show that allowance for both would not 
produce modifications in the A and r a values which are likely to exceed 
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0 03 A. Since no very great significance is attached to the absolute 
magnitudes of the calculated values, this is not regarded as serious.* 

TABLE IV 


Molecule 

R 

(appr.) 

S 

(appr.) 

(^2^1 - v 0 . M. 

- W 

a l 

\ 

A 

(calc.) 

A 

(obs.) 

(calc.) 

! 

fa 

(obs.) 

IF 

00*5 

103*0 

106*1 

0*282 

o*i 4 i 

°**73 

o* 94 » i 

0*917 

TCI . 

25*4 

130*8 

64*2 

0*136 

0*OQ 8 

o*o8 5 

i* 26 a 

1*275 

IBr . 


140*0 

53*9 

o*io4 7 

o*O9 0 

o*°9e 

i* 4 *o 

I * 4 1 4 

II 

10*2 

148*2 

40*2 

o*o6o fl 

o*o6 e 

0 * 09 $ 

i*f> 3 4 

1*604 


Energies arc given in kcal. mole- 1 , force constants in kcal. mole- 1 A“ a and 
intcrnuclear separations in A. 

Born and Mayer constant p — 0*400 ; y — 1*55, from the plot of log W 
against r 1 . 

The observed and calculated values of r a and A are based on = 0*37 A. 

Discussion 

The results given in Tables II, III and IV all show the same general 
features as the experimental values, i.e. that r a < r x for all four hydrogen 
halides, and the magnitude of A is largest for HF, the molecule with the 
largest ionic character. The agreement between calculated and experi¬ 
mental values is much better for the two extreme cases, HF and HI, 
than for the two intermediate cases, HC1 and HBr. 

It has been pointed out previously by the writer 4 that bond contrac¬ 
tions could be explained by the resonance integral term of eqn. (5) possess¬ 
ing a negative sign and a greater magnitude than the term r 2 — r x . The 
work described in the present paper adds very strong support to this 
suggestion. It is interesting to note than, unlike the case of unsaturated 
hydrocarbon molecules, for resonance between ionic and covalent structures 
the bond length turns out, in certain circumstances, to be a parameter 
which behaves like the energy, i.e. for the actual state of the molecule, 
the value does not lie between those for the two valence-bond structures 
but is lower than either. 

Pauling, Brockway and Beach 1 and Penney 2 have developed by the 
valence-bond method, general curves connecting the length of carbon- 
carbon bonds with " percentage double-bond character 0 and “ bond 
order,*' respectively. Unfortunately, for the case of ionic-covalent reson¬ 
ance, no general equation connecting bond length with ionic character 
can be developed, since the quantities r 2 , r Xf k x and k 2 are not constant 
for all molecules which exhibit this type of resonance. However, it is 
of some interest to examine qualitatively for a given case the behaviour 
of r at as given by eqn. (5) or (10), for variations in a\ brought about by 
altering the position of the ionic potential-energy curve relative to that 
for the covalent state. For the limit, 

d 2 = o, R = o and S = + 00, 

* The results for HF shown in Tables II, III and IV are based on the value 
of 63*5 kcal. mole- 1 for the dissociation energy of F 2 . Recent work (Schmitz 
and Schumaker, Z. Naturforsch., 1947, 2 a, 359, 362) has indicated that 33 kcal. 
mole- 1 is probably a better value for this quantity. On this basis Z) 0 (HF) = 132*4 
and Fq.m. - 5 8 *4 kcal. mole” 1 . These changes, however, are found to produce a 
negligible effect on the calculated values of A and r a . For example, recalculation 
by method (i) shows that A is increased by only 0*012 A. The value of W is 
changed by less than 1 %, so the plot for the evaluation of y is not affected. 
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corresponding to a pure covalent state, eqn. (5) and (10) reduce to r a = r x 
and dr B /dS is found to be positive. For the limit 

aj = 1 , R~+oo, S — — co, 

corresponding to a pure ionic state, the equations reduce to r a = r % and 
dr a /dS is found to be negative. Thus, as the ionic potential-energy curve 
is lowered from an infinite height above that of the pure covalent state, 
r a first decreases from the initial value of r x and as the ionic energy curve 
recedes to an infinite depth below that of the covalent state, near the 
limit, r a increases towards the value r 2 . Somewhere between these limits 
r a must pass through a minimum. Unfortunately, the expression of 
dy 0 /dS is rather complicated and a simple generalization concerning the 
location of this minimum docs not appear possible. 

The conclusion, arrived at in this paper, that the valence-bond method 
provides a convincing explanation of the fact that r a is less than both 
r x and r 2 finds most striking support in considerations of the dependence 
of the dipole moment of these molecules on intcrnuclear separation. A 
more complete treatment of this topic will form the subject of a later 
publication. In the present paper a brief qualitative discussion is given, 
insofar as it provides strong evidence for the sign of the quantity (r a — r t ). 

The work of Bartholm6 28 and Bell and Coop 84 has indicated that 
for the molecules HC1, HBr and HI, d/x a /dr at r = r a is negative, where 
jx a is the dipole moment for the actual state of the molecule. The simple 
valence-bond treatment, i.e. neglecting orthogonality, leads to the 
following expression for fi a , 

11 „ = afrt, = a\er 

in which /z* is the moment in the ionic state and e is the electronic charge. 
That this simple expression is a fairly satisfactory approximation for the 
hydrogen halides and a number of other molecules has been demonstrated 
by Fail brother, 26 Wall, 26 and Baughan, Evans and Polanyi. 27 By means 
of eqn. (4), (2 a) and (2 b) this expression becomes 

I V 1 - V a \ 

(f, +T7~- 2V'J er - 

Differentiation with respect to r gives 



in which all parameters on the right-hand side assume the values cor¬ 
responding to r — r a . Now (dV 2 /dr) ro will be negative since r tt must be 
less than r 2 for the lower root of the secular equation, which represents 
the actual state of the molecule. Hence this expression can only give 
the required negative sign for (dfi a /dr) ra if (dV 1 /dr) ra is negative, i.e. if 
r a is less than r v which corresponds to a contraction in bond length relative 
to the sum of the covalent radii. It is to be noted that this conclusion 
does not involve any assumptions concerning either the dependence of 
the resonance integral on intcrnuclear separation or the evaluation of r v 
Indeed, the above considerations can be regarded as extremely strong 
evidence for the choice of a positive sign for dW/dr which has been dis¬ 
cussed at an earlier stage in this paper. 

If bond contractions are accepted as a general consequence of ionic 
character (or at least for cases in which this factor is large) then a part, 
and possibly all, of the contractions observed for the polyhalides of carbon, 

23 Bartholm6, Z. physik. Chem., B, 1933, 23, 131. 

24 Bell and Coop, Trans. Faraday Soc., 1938, 34, 1209. 

26 Fairbrother, ibid., 1937, 33, 1507. 

26 Wall, J. Atner. Chem. Soc., 1939, 61, 1051 ; 1940, 62, 800. 

27 Baughan, Evans and Polanyi, Trans. Faraday Soc., 1941, 37, 377. 
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silicon, tin, etc,, must be attributed to resonance between ionic and co¬ 
valent structures. Pauling M attributes these contractions to the parti¬ 
cipation of multiple-bond structures. This view requires considerable 
modification. The treatment of polyhalogenated compounds is complicated 
by the fact that the ionic state is degenerate. Some calculations on the 
bond lengths of such compounds will be described in a further publication. 

Chemistry Department , 

The University , 

Manchester . 

28 Loc. cit> , Chap. VII. 


SOME APPLICATIONS OF THE VALENCE-BOND 
METHOD TO PROBLEMS OF MOLECULAR 
STRUCTURE 

PART II. CALCULATIONS OF THE EFFECT OF SOLVATION 
ON THE FORCE CONSTANTS OF BONDS WHICH 
POSSESS PARTIAL IONIC CHARACTER 


By Ernest Warhurst 
Received 25th November, 1948 

It has been pointed out that the experimental data reveal an approximate 
linear relationship between the reduction in vibration frequency which occurs 
when certain gases are liquefied or dissolved in non-ionizing solvents and the 
logarithm of the dielectric constant of the solvent. The sensitivity of the 
vibration frequency to changes in dielectric constant has been shown to increase 
with increase in the ionic character of the bonds concerned. The writer’s method 1 
for calculating the effect of solvation on force constants has been extended to 
include changes in bond length resulting from solvation and to include the 
results of an attempt to formulate the dependence of the resonance integral on 
intemuclear separation. The more complete method has been applied to the 
cases of HF and HC 1 . The results of the calculations for HC 1 are in qualitative 
agreement with the experimental observations. For HF the agreement is de¬ 
pendent on the nature of certain assumptions in the method. 


Introduction 

In a previous publication 1 the writer put forward an explanation 
of the decrease in vibration frequency observed for HC1, HBr and HI 
when these substances are liquefied or dissolved in non-ionizing media. 
This entailed considerations of the effect of ionic character on bond-force 
constants. In the light of the foregoing paper (Part 1) on the effect of 
ionic character on bond lengths it seemed advisable to re-examine some 
aspects of the force-constant calculations, particularly with regard to 
certain simplifying assumptions which were made. The following sections 
consist of a more complete treatment of the force-constant problem to¬ 
gether with a critical discussion of some aspects of the method. The 
treatment has also been extended to include the case of HF, for which 
the effect of ionic character on bond length is most pronounced. 

The Experimental Data 

The reduction in vibration frequency brought about by solvation has been 
observed for many substances, the molecules of which are usually considered 

1 Warhurst, Trans, Faraday Soc ., 1944, 26. 
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to contain bonds which possess partial ionic character. The solvation of a mole¬ 
cule produces a change in molecular environment. The dielectric constant of 
the medium surrounding the molecule is increased compared with that for the 
gaseous state. 

In some cases, for example HC1, HF and the OH frequency in H g O, CH # OH, 
CjH a OH and C t H*OH, the data in the literature are sufficiently extensive to 
demonstrate, for each case, an approximately linear relationship between 

Av __ yg mb — ygoK 

ygM ygM 

and the logarithm of the dielectric constant e of the surrounding medium. The 
data for some of these molecules show that this holds over a very wide range of 



Fig. i. 

Points i to 5 are from observations on the 0-^3 band of liquid HF in the tem¬ 
perature range 19° C to — 75 0 C by Wahrhaftig (J. Ghent. Physics, 1940, 8, 350). 
Values of c for this temperature range are taken from Fredenhagen and Dahmlos 
(Z. anofg. Chem. t 1929, 178, 272). Points 6 and 7 are from data given by Bush- 
well, Maycock and Rodebush ( /. Chem. Physics, 1940, 8, 362) for dilute solutions 
of HF in CC1 4 (o 1 band). 


dielectric constant changes. Graphs illustrating this linear relationship have 
been constructed from data for the pure liquids at various temperatures and for 
the sharp monomer band in dilute solutions of the particular substance. For 
these conditions the nature of the medium surrounding a given solute molecule 
is known with certainty, i.e. pure solvent and c can be given a definite value. 
This is not necessarily so for solutions which are not dilute ; the solvation shell 
may then consist of both solute and solvent molecules. Fig. 1 and 2, typical 



THE VALENCE-BOND METHOD 


478 

graphs, show the data for HF and HC 1 .* Tins linear relationship which is 
obtained for all these molecules together with the fact that, for example with HF, 
the points obtained from observations on the pure liquid, corresponding to a 
solvation shell of HF molecules and large values of «, lie on the same straight 
line as the points for a dilute solution in CC 1 4 , corresponding to a solvation shell 
of CC 1 4 molecules and a very small value of c, provides in the writer's opinion 
strong evidence for the essentially electrostatic nature of the intermolecular 
forces wdiich constitute the hydrogen bond, even in the cases for which this bond 
is very strong. 

The graphs also demonstrate that the sensitivity of the vibration frequency 
towards dielectric constant changes, as given by the slopes of the lines, i.e. 

— X d(Av) , 

VgM d log € 

increases with increase in the ionic character of the bonds concerned. 

Method of Calculation 

The writer has interpreted the effect of the increase in dielectric con¬ 
stant of the surrounding medium resulting from solvation as a lowering 



Fig. 2. 


The data used in Fig. 2 was taken from the following sources : West and Arthur, 
J. Chem. Physics, 1937, 5> 10 I West and Edwards, ibid., 1937, 5> x 4 > West, 
ibid., 1939, 7, 795 ; Plyler and Williams, Physic . Rev., 1936, 49, 215 ; Williams, 
ibid., 1936, 50, 720. The points denoted by O are from measurements of the 
o -> 1 vibration, those denoted by # from the o ->■ 2 vibration. The solvent 
and temperature (in °C) of the measurements are indicated below. 


1. SO a , - 65. 

2. S 0 2 , — 65. 

3. CHjCOCl, - 65. 

4. C a H # Br, - 65. 

5. POCI3, f 20. 

(>. HC 1 , — 100. 


7. HQ, - 90. 

8. HC 1 , - 100. 

9. HC 1 , - 72. 

10. HC1, — 44. 

11. CHC 1 S , - 05, 

12. HC 1 , - 13/ 


13. C e H # Cl, 4- 20. 

14. PC 1 8 , — 65. 

15. PC 1 3 , - 65. 

16. HC 1 , -}■ 25. 

17. HC 1 , 4 - 35 ’ 

18. PC 1 „ 4 ~ 20. 


19. CC 1 4 , 4 - 20. 

20. CCl 4 , 4 - 20. 

21. HC 1 , 4 - 48. 
2 2. HC 1 , 4 " 55 * 

23. SiCl 4 , - 05. 

24. C,H e , 4* 20. 

25. C 6 H 4 , 4 - 20. 


'The points are rather scattered due to, in many cases, experimental inaccuracies 
arising from the diffuse nature of the bands. 


* A more extensive presentation ol the graphs for all these molecules will 
be given in a later publication. The present paper is concerned with a theoretical 
treatment of the problem. 
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of the potential energy of the ionic state, i.e. a reduction in S, and a con¬ 
sequent increase in resonance energy and ionic character of the bond. 
In view of the fact that it is known that solvation increases the dipole 
moments of HC1, HBr and HI this approach seems very plausible.* A 
method was developed for calculating the effect of the increase in ionic 
character arising from solvation on the force constant of the molecule. 
The method makes use of the second derivative of the secular equation, 
eqn. (6), Part I, which for r — r a becomes 


k a = 


(d*Vj 

{ dr* 


) = (I 

/fa 


+ ' 


Ix fd*V l 

) +«! 

dr* 

dVt 

dV t \ 

, dr X 

d r)u 

~R + 

S/2 


(VVj 

V dr* 

M 




d*W\ 
d r*) 


+ 


(dW 

\ dr 


)i 


R + S/2 


(>)t 



Juternudear SeparaT/on 
Fig. 3. 


The complete calculation of the effect of solvation on the bond force 
constant can be conveniently dealt with in two stages. Firstly, applica¬ 
tion of eqn. (1) to the gaseous and solvated states gives the change in second 
derivative of the potential energy at r = r a brought about by solvation 

g Fairbrother, Trans . Faraday Soc., 1937, 33> l 5 ° 7 > 

f The notation used in this paper is identical with that employed in Part I. 
In order to avoid confusion it must be pointed out that in the earlier publication 1 

the quantities an d were, unfortunately, abbreviated to k x 

and k % respectively. 
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/d 2 E \* /d , F \* 

i.e. the ratio of k a to (~^i) can be found, where f) applies 

to the solvated state and corresponds to point A in Fig. 3. Secondly, 
if solvation causes any change in bond length, say from r a to r* t and 

this can be evaluated, then the ratio of f 1 to the true force con- 
stant, k* = ( for tlie solvate( ^ state (corresponding to the point 


B in Fig. 3) can be calculated by the use of a suitable potential function for 
the energy of the solvated state. 

In the earlier paper dealing with HC1, HBr and HI molecules a number 
of simplifications were introduced into the method. The calculations 
were based on Pauling’s value of 0-30 A for the covalent radius of hydrogen. 
This yields values of r x which are very close to the corresponding r a values. 
Hence the conclusion that ionic character, in the case of these compounds, 
had no effect on bond length was adopted and it was considered reason¬ 
able to assume that the further increase in ionic character resulting from 
solvation would also have no effect on the bond length. Thus 




and the third term of eqn. (1) vanishes. Further, with the condition r t = r a , 
a plausible argument was advanced which indicated that the magnitude 
of the fourth term might be negligibly small. Eqn. (1) then reduces to 


. /d*F x \ 2 rd 

a - (<w r „ ~ 


It was shown that this simple equation gave results of the correct sign 
and very roughly the right order of magnitude for the force constant 
changes. 

Returning to the more detailed method, as shown in earlier sections 
of this paper, there is strong evidence that ionic character shortens a bond 
relative to the sum of covalent radii. The writer accordingly concludes 
that if the present interpretation of the solvation of a hydrogen halide 
molecule, which entails an increase in ionic character, is accepted, then 
it is reasonable to assume that the solvation probably causes a further 
contraction in bond length, at least when only small changes in a\ are 
involved, i.e. yj < r a .f An approximate evaluation of r* can be made 
by application of eqn. (10) Part I, to the solvated state. Hence, in prin¬ 
ciple, it is possible to refine the earlier calculations and to calculate the 

true force constant for the solvated state by evaluating ( ) ^ rom 

eqn. (1) and from this AJ can be found using the calculated value of r* 
and a suitable potential function for the energy of the solvate state.{ 
Of the various functions which allow for anharmonicity both the Morse 
and the Dunham functions have been considered. For these small 
changes in internuclear separation, i.e. r a — rj, the two functions give 
practically identical results. On the grounds of ease of computation the 


t This would not be true if the ionic character of the bond were equal to or 
greater than the critical value corresponding to a minimum bond length (see 
the discussion in Part I). This point is referred to again in connection with the 
results of the force constant calculations for HF. 

t Since eqn. (10), Part I, only gives approximate results for bond lengths, 
the calculated values of t* have been corrected by the factor r % (obs.)/^ 0 (calc.). 
Similar considerations apply to eqn. (1) with respect to the quantities k a and 

( d^)r.' 
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Dunham function was chosen with anharmonicity constants the same as those 
used for the gaseous molecule. 

This more elaborate method which attempts to allow for changes in 
bond length consequent upon solvation has been applied to the cases of 
HF and HC1. The calculations also incorporate the writer's conclusions 
with regard to the dependence of W, the resonance integral, on r, in so far 
as eqn. (8) of Part I has been used to evaluate approximately the fourth 
term in eqn. (1). The results are shown in Table I. The calculations 
are based on values of r t derived from the choice of 0-32 A for the covalent 
radius of hydrogen and thev consist in a determination of the relative 

magnitudes of k a , ) and kt for a uniform lowering of the ionic 

potential energy curve of 20 kcal. The calculations have been carried 
out using various alternative assumptions concerning the nature of each 
of the energy curves for the actual state, the solvated state and state I. 
The alternatives are indicated in columns 2, 3 and 4 of Table I. 


TABLE I 


Mole¬ 

cule 

Covalent 

State 

Gas State 

Solvated 

State 




Percentage 
Change in 

hat 

HF 

Morse 

Morse 

Dunham 

j -°47 i 

1-070 

1-022 

f- 2-2 

HF 

Morse 

Morse 

1 \irabola 

1-047 

1*000 

0*955 

- 4*5 

HF 

Parabola 

Parabola 

Paralxda 

1 -040 

1-000 

0-962 

~ 3*8 

HCl 

i Morse 

Morse 

Dunham 

1*042 

I*OT0 

0-977 

— 2*3 

HCl 

Morse 

Morse 

Parabola 

1-042 , 

T-OOO 

0-960 

- 4-0 

HCl 

Parabola 

Parabola 

Parabola 

1-045 

1*000 

0*957 

“ 4*3 

HCl f 

Morse 

! Morse 

Dunham 

i ‘°33 I 

1*019 

0*986 

” 1*4 

HCl f 

Morse 

Morse 

Parabola 

1-033 

1-000 

0-968 

— 3 * 2 

HCl t 

Parabola 

Parabola 

Parabola 

1-032 

! 

I *ooo 

0-969 

- 3 *i 


■f These results are based on p — 0*333 in Born and Mayer equation. The 
remainder of the results shown in the Table are based on p = 0*400, which is 
considered the better of the two alternative values. 

{Application of Kirkwood's equation {J . Chetn. Physics , 1934, 35 1 ) to 

the solvation of the dipole of the ionic state II gives the following expression 
for the lowering of the potential energy of the ionic state : 



where e is the electronic charge, e the dielectric constant of the surrounding 
medium and x is the radius of the cavity in the medium into which the dipole 
is placed and within which the dielectric constant is assumed lo be unity. This 
expression with values of x based on van der Waals' distances of closest approach 
for the molecules, together with the experimental data of Fig. 1 and 2 enable 
rough estimates to be made of the percentage decrease in force constant which 
should result from a lowering of the ionic curve by 20 kcal. The results are— 

{ HF, x — 1*27 A, ~ 2'$ % decrease in k a , 

HC1, x = 1*65 A, ^ i* 1 % decrease in k a , 

With x s r a the results are — 

{ HF, x — 0*92 A, ~ i*o % decrease in Z? B , 

HCl, x = 1*28 A, ^ 0*5 % decrease in k a . 

The parameters of the right-hand side of eqn, (1) which are affected 
by solvation are a\, R and S. The changes in these brought about by 
a lowering of the potential energy of the ionic state by 20 kcal. can be 
obtained from eqn. (2 a), (2 b) and (4) of Part I. The other parameters, 
the values of which at r = r 0 are not affected by solvation, have been 
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evaluated as follows. W and its derivatives, which are assumed to remain 
constant, from eqn. (3) and (8) of Part I; V , and its derivatives from 
the Born and Mayer equation (7) of Part I, and V x and its derivatives 
by the use of a potential function for the energy of the covalent state to¬ 
gether with values of k x calculated by the method described in Part I, 


greater than 


(see column 6 of Table I) and this offsets the 


Discussion 

The first point that emerges from the calculations is that, for both 

HC1 and HF, f * s a * wa y s * ess t ^ lan independent of the 

assumptions concerning the nature of the energy curves. The values 
given in column 5 of Table I are all greater than unity. If the potential- 
energy curve for the solvated state were parabolic then it would also 
follow that 

*-(©:<*- 

in agreement with the experimental observations. This result is in¬ 
dependent of any changes in bond length consequent upon solvation. 
However, using an anharmonic function for the solvated state hi is 
(d*V a\* 

\ dr* ) r a 

above-mentioned decrease in the second derivative of the potential energy. 
The ratio ki/k a , values for which are given in column 7 of Table I, thus 
depends on the relative magnitudes of these two opposing factors. For 
HC1 the results show that ki/k a is always less than unity, in qualitative 
agreement with experiment. Rough estimates, from the experimental 
data, of the decrease in force constant resulting from a 20 kcal. decrease 
in V * are given in a footnote to Table I. The quantitative agreement 
between theory and experiment is not good, but this is not regarded as 
serious in view of the uncertainties which are involved in the calculations. 
For HF, when the Dunham function is used for the energy of the solvated 

state, the ratio hi j turns out to be larger than k a f an -d 

hence ki/k a is somewhat larger than unity, which is contrary to the 
experimental observations. 

It does not seem very plausible that the failure of the method to pre¬ 
dict the correct sign for the change in the force constant of the HF mole¬ 
cule indicates that the treatment is not applicable to this case and that the 
cause of the decrease in the vibration frequency of this molecule must 
be of a fundamentally different nature from that which operates in the 
case of HC1, particularly when it is noted that this failure only arises in 
special circumstances, viz. when the anharmonicity constants applicable 
to the gaseous molecule are imposed unchanged on the solvated state . 
The great similarity of the experimental data for the two compounds is 
strong evidence against such a view. The writer is of the opinion that 
the cause of the discrepancy lies in one or more of the factors which are 
discussed immediately below. 

The most serious of the uncertainties which enter into these force- 
constant calculations also operate in the evaluation of h v the force 
constant of the covalent state, and they have thus already been discussed 
in the section of Part I dealing with the calculation of k v The con¬ 
sequent errors will certainly be much larger for the case of HF than for 
the case of HC1. For example, r* — r a and r a — r t are both much larger 
in the former case and the assumed potential functions and the first and 
second derivatives of the secular equation and eqn. (8) Part I have to be 
relied upon to give estimates of the changes in various parameters over 
.much wider ranges of internuclear separation. Further, the assumption 
concerning anharmonicity of the potential energy curve of the solvated 
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state has an important effect on the ratio k* /k „ since it governs the ratio 
' /d*F.' * 


«.*) 


It is clear that if the increased resonance between the 


*••/(■ 

ionic and covalent states in addition to lowering the energy of the actual 
state of the molecule also reduces the anharraonicity, making the energy 

curve more parabolic in nature, then the ratio k* j ^ would be 


reduced and this effect might be sufficiently pronounced to result in values 
of less than unity for the ratio k*/k a . It is to be noted in this connection 
that, in the extreme case, the assumption of a parabolic form for the energy 
of the solvated state does result in a value of less than unity for this ratio 
in the case of HF as well as for HC1. 

A further reason for the discrepancy may be as follows. It is expected 
on theoretical grounds, as indicated in Part I, that the perturbation of a 
given covalent state by an increasing ionic contribution should cause the 
bond length for the actual state to pass through a minimum. It may 
well be that the ionic character of HF is very near to the critical value 
which corresponds to a minimum bond length and that the further increase 
in ionic character due to solvation has no appreciable effect on the bond 
length or may even cause a slight increase in bond length. Hence 


h* < 



* 

» 

r« 


in these circumstances. Eqn. (10) Part I, whilst providing a reasonable 
approximation for the bond length in the gaseous HF molecule, may be too 
crude an expression to reveal this feature. 

It might be argued that any treatment of the solvation of these mole- 
cules which entails a decrease in internuclear separation must inevitably 
result in an increase in force constant on the grounds of such empirical 
relationships as, for example, Badger’s rule. 3 This does not seem to be a 
valid conclusion in the writer's opinion, since there is no theoretical 
justification for the general applicability of such rules and, further, none 
of the scries of molecules, to which these rules may be applied successfully, 
form a sequence which corresponds to a constant pure covalent bond 
perturbed by varying ionic contributions, which is the situation envisaged 
in the present treatment of the solvation of a hydrogen halide molecule. 

It is concluded that, although the more complete force-constant cal¬ 
culations are rather complicated and uncertain in some respects, the results, 
particularly for HC1, demonstrate that a decrease in force constant due 
to solvation and a simultaneous decrease in bond length (which the con¬ 
siderations of Part I indicate to be a probable consequence of solvation) 
are quite compatible. The nature of the experimental data concerning 
vibration frequencies discussed at the beginning of Part II and the general 
features of the observations on bond contractions, illustrated in Fig. i 
and 2 of Part I, are considered to indicate strongly that both these 
phenomena originate from the same cause, namely, the ionic character 
of the bonds. The success of the bond-length calculations and the quali¬ 
tative success of the force-constant calculations (although only of a qualified 
nature in the case of HF) add further support to this view and provide, 
in the writer’s opinion, adequate justification for the use of Pauling’s concept 
of resonance between ionic and covalent structures in the treatment of 
certain problems which involve bonds between atoms of different electro¬ 
negativity. 

Chemistry Department , 

The University , 

Manchester . 


*/. Chem. Physics, 1934, 2 f 128 I I 935» 3> 7*o. 



ELECTRONIC STRUCTURE AND DIPOLE MOMENT 
OF THE HYPOTHETICAL CROSS-CONJUGATED 
ISOMER OF CYCLO-OCTATETRAENE 


By G. Berthier and B. Pullman 
Received 24 th November, 1948 

The methods of resonance and of molecular orbitals are used to study the 
molecules of methylenecyclohcptatriene and cyelohcptatriene itself. It is con¬ 
cluded that electrons tend to move into 5-rings and out of 7-rings. This effect 
should be revealed experimentally in a study of dipole moments. 


The structure of cyclo-octatetraene has been a matter of considerable 
interest during the last few years. 1 Though the question cannot yet be 
considered as being definitely settled, either theoretically or experimentally, 
chemical evidence seems to indicate that this molecule may also react 
in two other tautomeric forms; namely, as a bicyclo- (2:2: o)-octa-2 : 4 : 7- 
triene or a 1:2:4: 5-dimethylenecyclohexa-2 : 5-diene. These two 
isomers differ from the classical form in the number of double bonds present 
in the molecules. Theoretically there exists also the possibility of two 
cross-conjugated isomers possessing the same number of double bonds as 
the classical form. One of those, the p-benzoquinodimethane (A) has 
recently been obtained by Szwarc 2 3 and its electronic configuration has 
been studied by Coulson, Craig, Maccoll and Pullman. 8 The other one, 
the methylenecycloheptatriene (B) does not seem to have been synthes¬ 
ized yet and it is therefore of particular interest to theoretical chemists who 
seldom find an opportunity of dealing with a simple and yet unknown 
molecule. 


5 4 



8 


(H 2 

(A) (B) 

The apparent structure of (B) would lead one to suppose that it plays 
in the case of cyclo-octatetraene a role similar to that played by fulvene 
in the case of benzene. 

The electronic structure of fulvene has been studied recently by the 
valence-bond (v.b.) and the molecular-orbital (m.o.) methods with much 
care 4 * and the results are as follows. The two methods lead to a similar 
picture of the distribution of bond orders and free valencies but they dis¬ 
agree completely in the diagram of charge concentration. The v.b. 
method suggests a uniform charge distribution, similar to that existing 

1 l v or a review, see Campbell, A nn. Reports 1947, 44> 12 °* to which may be added 
a recent paper by Pink and Ubbelohde, Trans. Faraday Soc., 1947, 44> 7°^. 

2 Szwarc, Faraday Soc. Discussions, 1947, 3, 45. 

3 Faraday Soc. Discussions, 1947, 2, 36. See also A. Pullman, Berthier and 
B. Pullman, Bull. Soc. chim., 1948, 15, 450. 

4 A Pullman, B. Pullman and Rumpf, Bull. Soc. chim., 1948, 15, 280, 757 ; 

Coulson, Craig and Maccoll, Proc. Physic. Soc., 1948, 6l, 22. 
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in the more common hydrocarbons, while the m.o. method indicates a 
non-uniform charge distribution and predicts the existence of a dipole 
moment. When more precise calculations are carried out, in which ac¬ 
count is taken of the variation of the resonance integral with bond length, 
the theoretical dipole moment is in good agreement with the experimental 
one measured by Wheland. 5 6 The charge shift is in the direction going 
from the external C atom towards the pentagonal ring so that the terminal 
carbon bears a positive charge while all the others contain an excess of 
negative electricity. 

We have now studied in the same way the structure of (B). In the 
v.b. calculations use has been made of the set of formulae presented in 
Fig. 1. When all the monoexcited structures are supposed to have the 




( 2 ) 
Fig. 1. 




( 2 ) ( 2 ) 


same relative weight, the total importance of this group of formulae is 
17 %, the K6kul6 formula representing thus a contribution of 83 % to 
the real structure of the molecule. The v.b. molecular diagram 6 indicating 
the distribution of bond orders and free valencies is given in Fig. 2. The 
neglect of ionic structures in this v.b. treatment leads to a uniform charge 
distribution (each C atom having 1 electron around it), which is presumably 
a very poor result. 

In the m.o. calculations an approximate diagram was first constructed 
with all the resonance integrals uniformly put equal to p. The results 
obtained together with the presumed relation between carbon-carbon 



bond length and resonance integral 7 then lead to a second diagram con¬ 
structed with the assumption that when the resonance integrals of the 
C—C bonds of (B) are taken equal to p, those of the C—C links should be 
taken equal to o-8 p. Fig. 3 a represents then the distribution of electrical 
charge and Fig. 3 b the distribution of bond orders and free valencies. 8 

5 Reported by Mulliken, Colloque International sur la Nature de la liaison 
Chimique (Paris, April 1948) ; (/. Chim. Physique, in press). 

• Daudel and A. Pullman, Compt. rend., 194O, 222, 6O3 ; A. Pullman, 4 ww. 
Chim., 1947, 3 » 5 I Daudel, Compt. rend., 1947, 33 3 » 946. 

7 Mulliken, Rieke and Brown, J. Amer. Chem. Soc., 1941, 63, 41. 

8 Coulson, Proc. Roy. Soc. A, 1939, 169, 413; Faraday Soc. Discussions, 
j 947 » 2, 9. 
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As could have been presumed on account of previous results, the charges 
are not uniform and the molecule should thus have a dipole moment of 
the approximate magnitude of 2*35 D. But the most interesting point 
is that this dipole moment should lie in a direction opposite to that calculated 
for fulvene : the external carbon is negative , while all those of the heptagonal 
ring are positively charged. 

General difficulties which exist in the application of the m.o. method 
to odd-numbered rings 9 forbid us from considering this result as rigorous. 
Besides, steric factors may prevent complete planarity and thus reduce 
the conjugation. But the good agreement found between theory and 
experiment in the case of fulvene leads to a similar expectation in the 
case of (B), especially as the field is more “ self-consistent ” in this last 
example. The real dipole moment is probably somewhat smaller than the 
calculated one. 

Two further points may be treated in relation to the present results. 

(i) The Structure of Cycloheptatriene. —It has been shown 10 
that the structure of cyclopentadiene is, in a general way, quite similar 
to that of fulvene. When a proper account is taken of the hyperconju¬ 
gation of the C = H a group, and even when the possible inductive effect 




Fig. 4 a. Fig. 4b. 


is neglected, there is a charge shift from the methylene grouping towards 
the pentagonal ring and the resultant dipole moment practically agrees 
with the experimental one (0-45-0*53 D). 11 The introduction of the 
inductive effect would raise the theoretical moment. 

When similar calculations (hyperconjugation alone) are carried out 
for cycloheptatriene they indicate a dipole moment in a direction opposite 
to that observed in cyclopentadiene . This is indicated in Fig. 4 a (Fig. 4 b 
represents the distribution of bond orders and free valence), constructed 
(after preliminary calculations) by supposing 

~ 2 %=c 

_c a ~ Pcx _c 7 553 0 

^C 3 —c 4 ^ ^c 6 —C fl = °‘ 8 ^c= 

The corresponding dipole moment would be equal approximately to 0-35 D. 
It cannot be asserted that this should be the real value and direction of 
the dipole in this molecule as the inductive effect, which would act in the 
reverse direction, cannot at present be easily taken into account. But 
we may say that the dipole moment of cycloheptatriene should be smaller 
in absolute value than that of cyclopentadiene and that the probability that 

9 Coulson and Rushbrooke, Proc. Camb. Phil. Soc., 1940, 36, 193. 

10 B. Pullman and Berthier, Bull. Soc. chim., 1948, 15, 551, 788. 

11 Syrkin and Shott-Lvova, Acta Physicochim., 1944, 19, 379. Hannay and 
Smyth, J. Amer . Chan. Soc., 1946, 68, 244. 
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it is in a reverse direction must be recognized. It should also be mentioned 
that the results obtained for cyclopentadiene (and for its homologues 
indene and fluorene) have accounted quite well for the presence and the 
variation of acid strength in this group of molecules. The total absence 
of acidic properties in cycloheptatriene may then be explained by the 
change of polarity, inducing a negative charge on the external H a . 

(ii) The Structure of Azulene.—A theoretical study of the electronic 
structure of this compound 14 led to the conclusion that the molecule should 
possess a large dipole moment. All the carbons of the pentagonal ring 
are negative while those of the heptagonal ring are positive. The cal¬ 
culations for fulvene and for (B) throw some light on this problem as they 
enable us to correlate the charge transfer in azulene with a fundamental 
tendency of the mobile electrons to leave heptagonal rings and to concentrate 
in pentagonal ones. It may be added that in hexagonal rings even cross¬ 
conjugation does not bring about any appreciable charge shift. 8 

Institut du Radium, 

11 Rue Pierre Curie, 

Paris 5. 

12 Coulson and Longuet-Higgins, Rev. Sci., 1947, p. 929. A. Pullman and 
Bcrthier, Compt. tend., 1948, 227, 677. 

Added in Proof: For further developments see : Berthier and Pullman, 
Geometrical configuration and dipole moment of conjugated compounds, Colicque 
International sur les Polarisabiltl&s Moleculaircs (Paris, April 1949) and Bull. 
Soc. Chim. (in press). 


THE ULTRA-VIOLET ABSORPTION OF 
THE PROTEINS OF THE GROUND NUT 
(ARACHIS HYPOGEA) 


By A. C. R. Dean 

Received 20 th December, 1948 

The ultra-violet absorption of the globulins of the ground nut has been 
examined at pH 7*3 and n*o. “ Mixed protein " (total globulins of Johns) 
and arachin have identical spectra. This agrees with Johnson's ultracentri¬ 
fugal evidence that they are equilibrium states of the same molecule. Varia¬ 
tions in pH within the experimental range cause reversible changes in the ab¬ 
sorption. This has been shown to be due to the ionization of the tyrosine groups 
in the protein molecule. 

Extinction coefficients calculated in terms of the tyrosine, tryptophane and 
cystine present do not agree quantitatively with the observed absorption of 
arachin. The discrepancies in the tryptophane content of the protein as deter¬ 
mined by various workers have been discussed in relation to its absorption. 
The absorption of conarachin at pH 7*3 can be explained in terms of the tyrosine, 
tryptophane and cystine present but at pH n*o there is no agreement. At 
pH 73 the spectra of conarachin and arc.hin are similar, but not identical, whilst 
at pH n*o the spectra have little resemblance. 


The globulins of the ground nut were first investigated by Ritthausen 1 
and later by Johns and Jones, 2 who have shown that they can be extracted 
from oil-free ground nut meal with sodium chloride; the latter workers 

1 Ritthausen, Arch. Ges. Physiol., 1880, 21 , 81. 

2 Johns, Jones et al., (a) J. Biol. Chem., 1916, 28, 77 ; (b) ibid., 1917. 30, 33 ; 
(c) ibid., 1918, 36, 491 ; (d) ibid., 1924, 62, 183. 
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claim to have isolated two globulins, arachin and conarachin, from these 
extracts. In a more detailed investigation Jones and Horn 8 have stated 
that arachin could be isolated by dilution of the sodium chloride extract 
and subsequent acidification, or by 40 % saturation with ammonium 
sulphate, whilst conarachin could be isolated by dialysis of the filtrate 
from the arachin precipitation. More recently Johnson 3 4 * in the course 
of a study of these globulins by ultracentrifugal methods has shown that 
these two procedures do not yield the same product. Dilution followed 
by acidification produces a protein having two sedimenting species, whilst 
40 % saturation with ammonium sulphate results in one sedimenting 
species only. This paper reports the results of an investigation of the 
ultra-violet absorption of the globulins isolated by this method, the fraction 
containing two sedimenting species being referred to as “ mixed protein ” 
and that with one sedimenting species as arachin. 


Experimental 

Apparatus. —The spectra were measured between 2200 and 3200 A with a 
llilger Medium Quartz Spectrograph fitted with a Spekker spectrophotometer 
and using a tungsten steel arc as light source. The wavelength scale on the 
instrument was standardized against the spectra of the mercury and copper 
arcs, these being compared with the data of Plotnikow 6 for mercury and against 
a photograph of the copper spectrum supplied by Hilger. 

Extraction of Mixed Protein. —50 g. oil-free ground nut meal was shaken 
with 250 ml. 10 % aqueous sodium chloride overnight, centrifuged, and the 
dear liquid filtered and diluted to 1 1. with distilled water and left overnight. 
The precipitated protein was centrifuged, washed with distilled water, and dried 
in vacuo over calcium chloride. 

Extraction of Arachin. —The sodium chloride extract of ground nut meal 
was 40 % saturated with ammonium sulphate, centrifuged, and the precipitate 
washed with distilled water and then dialyzed in a cellophane tube against running 
water and finally against distilled water until free from sulphate and chloride. 
The protein was dried in the same way as mixed protein. 

Extraction of Conarachin. —The filtrate left after the precipitation of 
the arachin with ammonium sulphate was allowed to stand overnight, filtered, 
and the filtrate dialyzed as with arachin. Dialysis was continued until the con¬ 
arachin separated out (2-3 days). During this period the surface of the liquid 
was covered with toluene to inhibit bacterial growth. The conarachin was 
dried in the same manner as the other proteins. 

The purity of mixed protein, arachin and conarachin was determined by 
nitrogen analysis. All contain 18*2-18*3 % N. 

Amino Acids. —-Samples supplied by B. D. II. and Ashe were used and were 
re crystallized where necessary until the same sample showed no difference in 
absorption after successive recrystallizations. 

Preparation of Solutions. —Mixed protein was examined in 10 % aqueous 
sodium chloride solution at pH 3*5 and in phosphate buffer at pH 7*3 and 11*0 
In all cases the pure solvent was used in the compensating cell of the photo¬ 
meter. Solutions were examined hr. after preparation, and pH's were deter¬ 
mined with a glass electrode immediately before and after the spectroscopic 
examination. 

Calculation of Results. —The Bunsen-Roscoe extinction coefficient was 
used throughout, i.e. 

where c — concentration in g./ml. ; 
d ~ thickness in cm. ; 

/* = intensity of transmitted radiation (of original 
intensity 7 0 ) after passing through the solution. 

3 Jones and Horn, /. Agric. Res. t 1930, 40, 673. 

4 Johnson, Trans. Faraday Soc., 1946, 42, 36. 

6 Plotnikow, Photochemische Versuchstechnik (Leipzig, 1912), p. 277. 
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Results 

The absorption curves for mixed protein, arachin and conarachin are given 
in Fig. i and 3. Since the absorption of mixed protein was similar at pH 



Fig. 1 


Mixed Protein or Arachin 
1. pH ii-o 2. pH 7-3 



Fig. 2 

1. Tyrosine pH ii*o 

2. Mixed Protein pH 7*3 

X — Protein at pH 12*5 reduced to pH 3*0 

O * Protein pH 7*3 increased to pH 12*0 and then reduced to pH 8*o 

1 7 
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5*5 and 7*3 the absorption curves for arachin and conarachin were determined 
at pH 7*3 and u-o only. 

Mixed protein has a typical protein absorption curve with a minimum at 
2500 A and a maximum at 2740-2760 A at pH 7*3. At pH n*o the absorption 
is increased, the minimum tends to disappear, the maximum is flattened out and 
the whole curve is shifted towards higher wavelengths. This change with in¬ 
creasing alkalinity was shown to be reversible by dissolving mixed protein in 
sodium hydroxide at pH 12*5 and reducing the pH to 3*0 immediately with 
hydrochloric acid, and by dissolving the protein in phosphate buffer at pH 7*3, 



1. Conarachin pi I n-o 

2. pH 73 

3. Arginine, Aspartic Acid, Glutamic Acid and Lysine pH 7*3 and no 


increasing the pH to 12*0 and immediately reducing it to pH S*o. In both cases 
the ultra-violet absorption agreed substantially with the values previously 
obtained at pH 7*3 (Fig. 2). Exact agreement was not to be expected since the 
stability limit of the protein molecule is pH u*o. 

Arachin has a similar absorption curve to mixed protein at pH 7*3 and n*o. 
The absorption curve for conarachin resembles that for arachin at pH 7-3, whilst 
at pH 11*0 the curve flattens out but the shift towards higher wavelengths is 
not as great (Fig. 3). 


Discussion 

The Identical Ultra-Violet Absorption of Mixed Protein and 
Arachin.—Mixed protein and arachin have practically identical ultra¬ 
violet absorptions at pH 7-3 and n*o. This is readily understood by 
a consideration of the methods of extraction and the amino acid content 
of the fractions. The ground nut globulins are extracted with aqueous 
sodium chloride and from the extract Johns and Jones 2 obtained by 
dilution, either with or without acidification, a fraction which they called 
total globulins. By treatment of the sodium chloride extract with 
ammonium sulphate another fraction, arachin, was obtained. These 
fractions are identical with the mixed protein and arachin respectively 
of this paper. Later Jones and Horn 8 claimed that arachin was obtained 
both by acidification and by ammonium sulphate precipitation, but 
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Johnson, 4 using ultracentrifugal technique, has shown that these fractions 
are not identical. He showed that the fraction obtained by dilution con¬ 
tained two sedimenting species, with sedimentation constants 14-6 and 
9*5, and that obtained by ammonium sulphate precipitation contained 
only one sedimenting species, with sedimentation constant 14*6. More¬ 
over, the slower sedimenting species had its origin in the dissociation of 
the larger molecule, the degree of dissociation depending on the extent 
of dilution. 

Kotasthane and Narayana 0 and Milone and Everitt, 7 using all these 
methods to isolate mixed protein and arachin, have examined their 
nitrogen content and amino acid composition. Their results are given 
in Table I and it will be seen that the nitrogen content and amino acid 

TABLE I. — The Amino Acid Composition ok the Ground Nut Globulins 


Amino Acid 

Mixed Protein 

Arachin 

Conarachin 

Reference 

Arginine 

13*20-13*68 

i 3 ’ 55 -i 3 - 9 <> 

13*07-14*10 

8 

Aspartic acid 

-— 

5*25 

2 c 

Cystine 

1*24-1*42 

0 - 85 -I-I 7 

1-57-1*64 

9 

Glutamic at id 


I 0*09 


2 c 

Histidine 

1*58-1*07 

1*88-1*92 

1*83-1*99 

2 b 

Leucine . . | 


3*88 

— 

20 

Lysine 

4*49-4*69 

•r 35-4*98 

4*82-6*04 

8 

Phenylalanine* 

- 

2*60 

— 

2 c 

Proline 

— 

x ‘37 


2 c 

Tryptophane 

0*58-0*00 

0*00-0*69 

0*95-1*07 

\ 8 


— 

1*80 

i* 7 « 

9 

Tyrosine 

4*80-5*48 

5 ' 43 ‘ 5' (, 9 

3*09-3*23 

8 


Figures refer to percentage ot dried protein. 

Mixed protein, arachin and conarachin contain t8* 1-18*3 % total N. 


composition of these fractions are practically identical. Since the ultra¬ 
violet absorption of proteins has been explained by various authors in 
terms of their amino acid composition it is not surprising that the absorp¬ 
tion spectra of mixed protein and arachin should be identical. As was 
suggested by Johnson, 4 the name arachin used by Jones and Horn 3 to 
designate both fractions is satisfactory, since botli are identical chemically 
and differ only in molecular weight, the difference being due to dissociation 
of the larger molecule. This dissociation has no effect on the ultra-violet 
absorption. 

Amino Acid Composition and Absorption Spectrum of Arachin.— 

It is well known that the ultra-violet absorption of aliphatic amino acids 
is slight and continuous, whilst that of aromatic amino acids is much 
greater and is selective. Of the amino acids in arachin (Table I), leucine 
and proline do not absorb beyond 2330 and 2362 A respectively, 8 histidine 
beyond 1950 A, 8 whilst a mixture of arginine, aspartic acid, glutamic acid 
and lysine does not absorb beyond 2280 A (Fig. 3). Obviously any 
absorption above 2500 A is not due to these acids. Cystine in acid and 
alkaline solutions absorbs continuously between 2200 and 3000 A, but 
this absorption is very slight. 8 The aromatic amino acids, phenylalanine, 
tyrosine and tryptophane, absorb strongly in the same region as the pro¬ 
tein band. Coulter 8 has shown that absorption in proteins above 2500 A 
is due to these aromatic amino acids, phenylalanine absorbing between 

8 Kotasthane and Narayana, Proc. Indian Acad. Sci . B, 1937, 37^. 

7 Milone and Everitt, Proc . Soc. Expt. Biol. Med., 1942, 51, 82. 

8 Ley and Arends, Z. physik. Chem. B, 1932, 17, 177. 

•Coulter, Stone and Kabat, J. Gen . Physiol., 1936, 19, 739. 

17* 
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2530 and 2690 A and being responsible for only a small part of the ab¬ 
sorption in terms of amount rather than spectral extent. Much of the 
larger part between 2700 and 2900A is due to tyrosine and tryptophane. 
Clearly any absorption above 2600 A should be due mainly to tyrosine, 
tryptophane and cystine. The absorption of phenylalanine 10 and trypto¬ 
phane 11 alters very little with changing pH ; the absorption of tyrosine, 
however, increases greatly, and the maximum is shifted to higher wave¬ 
lengths, with increasing alkalinity. This change is due to progressive 
ionization of the hydroxyl group, and is reversible. 10 It will be remem¬ 
bered that by reducing the pH from 11 to 7-3 it was possible to restore 
the absorption curve to its original position. These changes clearly 
depend on the amount of phenoxide ion of tyrosine present. 

Can the absorption spectrum of arachin be quantitatively explained 
in terms of these absorbing amino acids ? Arnold and Kistiakowsky 14 
have shown why amino acids should retain their spectral character in the 
protein molecule, and Crammer and Neuberger 11 have been able to explain 
the absorption of insulin between pH 1 and 13 in terms of its absorbing 
amino acids. They were unable to explain the absorption of egg albumin, 
however, since the tyrosine groups in this protein are not free to ionize 
to the same extent as in the free amino acid. 

The arachin molecule, assuming Johnson’s molecular weight of 396,000, 
contains 14 to 20 cystine groups. The extremes in the analytical figures 
for tyrosine permit 119 to 125 tyrosine residues per molecule for arachin 
and 105 to 119 residues for mixed protein. With tryptophane the results 
of Kotasthane 6 and Milone 7 differ greatly, and permit 13 and 35 groups 
per molecule respectively. Extinction coefficients w r ere calculated for 
the arachin molecule at pH 7-3 and ii-o in terms of both tryptophane 
values, the extremes and a mean value for tyrosine and 20 cystine groups. 
They appear in Table II. The absorption of cystine above 2600 A is 
very slight and the difference in the extinction coefficients when 14 or 20 
groups are used is insignificant. Since the hydroxyl group of tyrosine 
is not ionized at pH 7 3 (OH pK = 10-15 u ), the values of Crammer and 
Neuberger at pH 1 were used, and the absorption of tryptophane at 
pH 7 3 and n-o was obtained from their values by extrapolation. The 
data of Ley and Arends were used for cystine and the absorption of tyro¬ 
sine at pH ii*o was obtained from Fig. 2. 

At pH 7 3 the calculated and experimental values differ widely at all 
wavelengths when 13 tryptophane groups are assumed. With 35 groups 
per molecule the agreement is much better, thus confirming the estimation 
of Milone and Everitt. At this pH tyrosine absorbs mainly between 
2700 and 2900 A, and over this range the agreement is best with 105 
tyrosine groups per molecule, though increasing this to 125 groups per 
molecule increases the absorption by only about 5 %. Assuming 105 
tyrosine and 35 tryptophane groups, the calculated values are too low 
from 2600 to 2650 A and at 2900 A, correct at 2700 and 2850 A, and too 
high at the maximum, 2750 to 2800 A. Below 2700 A phenylalanine 
w r ould be absorbing, and would account for the low calculated values, 
but between 2700 and 2850 A tyrosine and tryptophane are not absorbing 
in the protein to the expected extent. 

At pH ii-o the calculated results are much too low from 2600 to 2750 A, 
fairly good agreement being reached between 2800 and 3000 A only. 
This excessive absorption diminishes slowly from 2600 to 2700 A and then 
very rapidly from 2700 to 2800 A. Phenylalanine again may be re¬ 
sponsible at the lower wavelengths, but this cannot explain the anomaly 
in the region 2700 to 2800 A since no absorption bands due to it have 
been reported above 2700 A. 9 The solutions at pH ii-o were much darker 

10 Stenstrom and Reinhard, J. Physic. Chem., 1925, 29, 1477. 

11 Crammer and Neuberger, Biochcm . 1943, 37, 303. 

12 Arnold and Kistiakowsky, J. Amer. Chem. Soc. t 1932, 54, 1713. 
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in colour than at pH 7*3 and there is evidence that phosphate buffer 
accelerates the oxidation of tyrosine. 13 Such pigment production may 
contribute towards the excessive absorption, the effect being masked 
above 2800 A due to the strong absorption of the phenoxide ion of tyrosine. 
The maximum of tyrosine at pH n-o is 2900 A. It is significant that 
the experimental values are still higher than the calculated values at 
3000 A, the region where pigment corrections are usually calculated, 
and tyrosine is still absorbing strongly at this wavelength. 

TABLE II. —Molar Extinction Coefficients of Arachin. 




A 

2600 

2650 

2700 

2750 

2800 

2850 

2900 

! 

2950 | 

3000 

pH 7-3 

€ X IO-* 

Found 


vgo 

2*42 

2*87 

2*93 

2*81 

2*48 

1*83 

_ 

_ 



Calc. 

1. 

1*07 

1-44 

l*QO 

2*19 

2*14 

1*50 

0*67 

— 

— 




2. 

1*76 

2*31 

2*88 

3*20 

3*34 

2*52 

1*48 

— 

— 




3- 

1*72 

2*22 

2*78 

3*15 

3*21 

2-44 

1*46 

— 

—. 




4- 

1*82 

2*3« 

2*Q9 

3-30 

3*45 

2 *59 

1*49 

— 

— 




5. 

1-54 

1*96 

2*39 

2*70 

2*78 

2*08 

1*42 


— 

pH ii-o 

€ X TO~ 5 

Found 


3-<>0 

3*37 

3’4* 

3*33 

3* 2 0 

3*25 

3*19 

2*53 

1*78 



Calc. 

2. 

2*18 

2*09 

2*25 

2-64 

3* 2 4 

3*15 

2*90 

2*13 

i*0o 




3 

2*08 

2-03 

2*19 

2*56 

3 * 12 

3*01 

2 *75 

1*98 

1*63 




4- 

2*27 

2-15 

2*30 

2*71 

, 

3*35 

3*27 

3 *<M 

2*25 

1 

1*85 

; 


3. 13 tryptophane, 116 tyrosine ami 20 cystine groups per molecule. 


2. 35 

, no „ 

20 

3 - 35 

. 105 

20 

4 - 35 

. 125 

20 

5 - 35 

. 7 ° 

20 


'PARLE Ilf. -Molar Extinction CoHmciF.Nrs of Oonarachin 




A 

2600 

2650 

2700 

275 f» 

2800 

| 2850 

2900 

2950 

l’H ri 

c A 10 ~ 5 

Found 

. 

! 

0*07 

1*10 

1*18 , 

1*17 

i*iii 

0*02 

o* 60 

o*V> 



Calc. 

o*0<> 

0*01 

1*03 

1*10 

1*18 

0*03 

O'Oi 

0-28 

pli 11.0 

c ■: 10- 5 

Found 

1*29 

1*17 

T * I 2 

I*OQ 

1*02 

o'Si 

0-68 

o -37 



Calc. 

o *75 

0*69 

0*84 

o *97 

fi 7 

1*09 

0*58 

o* 2 8 


15 tryptophane, 30 tyrosine and 11 cystine groups per molecule. 


The stability limit for the arachin molecule appears to be pH n o. 
At higher alkalinity it is degraded into polydisperse fractions of low 
molecular weight (M less than 10,000)/ and for this reason the absorption 
was not determined above pH n-o. 

The Ultra-Violet Absorption Spectrum of Gonarachin.— Conarachin, 
the fraction isolated by Johns, Jones and co-workers by dialysis of the 
filtrate after precipitation of the arachin with ammonium sulphate, has 
a similar, but not identical, absorption to arachin at pH 7-3, but at 
pH 11‘0 the absorption and the shift of the band towards higher wave¬ 
lengths are not so great. In the ultracentrifugal examination of this 
fraction the sedimentation diagrams were ill-defined but the crude sedi¬ 
mentation constant was in reasonable agreement with that for the slower 
sedimentating species in mixed protein produced by the dissociation 

13 Bowman, J . Biol. Chem. t 1941, 141, 877. 
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of the larger arachin molecule. 4 On the basis of a molecular weight of 
170,000 conarachin should contain 30 tyrosine, 11 cystine and 15 trypto¬ 
phane groups per molecule, taking the higher tryptophane content of 
Mi lone as correct. 

Extinction coefficients calculated with this amino acid composition 
are in agreement with the experimental values at pH 7-3 except in the 
region of the spectrum below 2700 A where phenylalanine would again be 
absorbing. At pH 1 i-o the calculated absorption is too low over the entire 
spectrum except between 2800 and 2850 A. The high experimental 
values can be attributed to the same causes as in the case of arachin. 

In conclusion it will be seen from Table I that arachin and conarachin 
are very similar with regard to amino acid composition, differing only in 
tyrosine and cystine content. Cystine has little effect on the absorption. 
At pH 7*3 the absorption of conarachin above 2700 A can be explained 
in terms of the tyrosine, tryptophane and cystine present, whereas no 
such agreement is found for arachin using either the reported analytical 
data for tyrosine (4*8-5*7 %) or the content which has been found to give 
agreement in the case of conarachin (3-2 % tyrosine) (Table II, No. 5). 

If conarachin is identical with the slower sedimenting species produced 
by the dissociation of the larger arachin molecule, this dissociation must 
take place in such a manner that conarachin has a lower percentage of 
tyrosine than arachin. 

The author wishes to express his appreciation to Dr. F. D. Miles for 
helpful discussion and criticism and to Mr. H. Hutchinson for experimental 
assistance. Acknowledgements are due to the directors of I.C.I. (Nobel 
Division) for permission to publish the paper. 
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THE HOMOGENEOUS DECOMPOSITION OF 
ETHYL NITRATE 

By G. K. Adams and C. E. H. Bawn 
Received 4th December , 1947 '• as Y^vised 14th January, 1949 

The gaseous decomposition of ethyl nitrate over the temperature range 
180-215° C obeys the first-order law, k — 10 16 * 8 e“ 89 ’ 9 /fi 2 \ It is suggested that 
the primary step in the decomposition is the breaking of the C 2 H 6 0 —-NO a bond 
and that the measured activation energy corresponds to the —O—~ . . NO z 
bond strength. The ethoxy fragments react to form acetaldehyde which is 
subsequently oxidized to CO and C 0 2 . The O—NO a bond energy of 39*9 keal. is 
shown to be consistent with — O—H bond energy in ethyl alcohol of 95*8 keal. 


The nitrate esters, which constitute an important group of explosives, 
possess the characteristic grouping, 1—O—N 0 2 , attached to a carbon 
atom, and all show a very marked thermal instability. Like other 
explosive systems they possess the characteristic property, depending on 
external conditions, of passing in a short time interval from the quiescent 
state to explosion or detonation. In order to discover the nature of the 
chemical processes which influence and control the burning of nitrate 
esters and to elucidate the causes of their instability, a kinetic study 
was made of the thermal decomposition of ethyl nitrate, in the hope that 
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this would provide a working model for the understanding of the decom¬ 
position reactions of the more complex molecules. The gaseous decom¬ 
position was shown to obey a first-order relationship and the analysis 
of the products at various stages indicated that the primary stage of the 
reaction was the breaking of the —O—NO s bond. This process re¬ 
quired an activation energy of 39-9 keal.*—a value almost identical with 
that reported by Appin, Chariton and Todes 1 for the decomposition of 
methyl nitrate vapour. 


Experimental 

The reaction velocity was measured in the usual manner by observing the 
increase in pressure at constant volume and temperature. Ethyl nitrate, 
carefully purified by fractional distillation, was stored in a small bulb A. This 
bulb was joined via a tap to a larger bulb B (volume 100 ml.) which was con¬ 
nected by a tap and narrow bore tubing to a I^rex decomposition vessel C 
(volume 130 ml.). The reaction vessel was heated by means of an electric furnace, 
the temperature of which was maintained constant to better than C over the 
period of an experiment. The pressure in the reaction vessel was determined 
in the initial experiments (runs 1-13) by the use of a Pyrex Bourdon gauge sealed 
directly to the vessel, and in subsequent experiments by a short mercury mano¬ 
meter read by means of a telescope and scale. It was found that the vapour 
in the narrow tube leading to the manometer acted as a buffer and prevented 
interaction of the reactive gases produced with the mercury. 

In carrying out an experiment, ethyl nitrate in trap A, which had been care¬ 
fully freed from all dissolved gases by repeated freezing and evacuation, was 
evaporated into bulb B at. a known pressure. The amount of vapour in B was 
controlled by changing the temperature of the storage bulb A, and could be 
varied between a pressure of 1O1 mm. at o° C and 51*3 mm. at 20° C. The 
vapour in B was admitted to the reaction vessel by opening for a short period 
the tap which connected it with 13 . 


Results 

The experiments showed that ethyl nitrate vapour decomposed with a measur¬ 
able velocity at pressures of 30-50 mm. in the temperature range 180-215° C. 
Above this temperature, explosive decomposition occurred shortly after admitting 
the vapour to the decomposition vessel and although only a few observations 
were made, these indicated the existence of a lower explosion limit. Visual 
observation during the decomposition process proved the formation of nitrogen 
peroxide as shown by the production of its characteristic brown colour. It was 
noted that the intensity of the colour increased in the early stage of the reaction, 
but as the decomposition progressed the colour slowly disappeared and was 
hardly perceptible when reaction was complete. As is established later in this 
paper, the disappearance of the nitrogen peroxide occurred as a result of its 
participation in secondary oxidation processes. 

During any run the pressure increased regularly up to the stage of complete 
decomposition but the total pressure change accompanying the reaction was 
very variable and fluctuated between an increase of 85 to 112 % of the initial 
pressure of the nitrate. Under all conditions, however, the initial reaction 
rate was found closely to obe\ the first-order law, 


k - 


fin 


£0O 

pco 


• P 0 
■Pi 


The plot of log (Pqq — p t ) against t for the individual experiments gave good 
straight lines, from the slope of which k was determined. Above 60 % decom¬ 
position k decreased rapidly especially at the higher temperatures. This de¬ 
crease and the variability of the final pressure was shown to be due to secondary 
oxidative reactions and also to the condensation of aldehydes produced in these 


* Since this paper was completed Phillips (Nature, J947, l6o f 753) has re¬ 
ported activation energies from 34-47 keal. for the primary process in the dissoci¬ 
ation of a large number of mono- and poly-nitrates in the gaseous and liquid phases. 
1 Appin, Chariton and Todes, Acta Physicochim., 1936, 5, 655. 
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processes in the short connecting tube of the reaction vessel. The results are 
summarized in Table I. 


TABLE I 


No. of Expt. 

Temp. (° C) 

Initial Pressure 
(ram.) 

T % . 

Increase in 
Pressure 

h x 10-* 
(sec.- 1 ) 

6 

l8o*o 

_ 

__ 

3*47 

7 

186-5 

30-0 

112 

5-88 

8 

192-0 

34 *o 

99 

9*91 

9 

193*5 

35 *o 

102 

11*8 

10 

201*0 

40-0 

109 

18-4 

11 

194*0 

3 f > - 5 

108 

ii *6 

13 

187-5 

43 *o 

100 

6-98 

16 

202*0 

44-0 

89 

25*1 

17 

214*0 

45 -o 

87 

66-4 

18 

203*0 

39-0 

85 

26-0 

19 

215*0 

44-0 

99*5 

78-3 

20 

185-0 

4 i *5 

104 

4-26 

21 

191*5 

44-2 

91 

8-13 

22 

180-0 

33 *o 

108 

2*77 

23 

190-5 

41-0 

•— 

8*45 

24 

196-0 

35*5 

112 

io-6 

25 

200*0 

45 *o 

9 b *5 

23-0 

26 

199*5 

3*'7 

112 

i8-6 

27 

207*0 

35 *o 

102 

41-0 


Effect of Surface. —Rate measurements carried out with the reaction 
vessel packed with Pyrex tubing * corresponding to a 7-4 times increase in 
surface showed that at 183-5° C the surface had no influence on the reaction. 
The velocity constant in the packed vessel agreed within -± 6 % of that in the 
unpacked vessel. The average analysis of the product gases in several runs 
carried out in the packed vessel at 183-5° C showed the following results : 
NO, 65-68 % ; C 0 2 , 24-25 % ; CO, 7-10 %. These agree closely with the data 
obtained in the unpacked reaction vessel and show that the reaction follows 
the same course in both systems. The addition of 25-40 % argon to the reactants 
was also without influence on the reaction rate. It may therefore be concluded 
that the reaction occurs homogeneously. 

Temperature Coefficient of the Reaction. —The values given in Table I 
are shown in Fig. 1 in the form of a log 10 k — l/T plot. The values of B and E 
in the Arrhenius expression, k — Bc~%IRT t calculated by method of least squares, 
are given by the expression, 

k = io 16 * e-M/RT. 

The scattering of the individual points from the straight line was due primarily 
to the variability in the final pressure mentioned above. 

The Products of the Reaction. —The gaseous products of the reaction 
were analyzed by separation into two fractions (1) tlxe gases not condensed when 
the products were passed through a trap cooled by liquid oxygen ; (2) the gases 
condensed at liquid oxygen temperature but removed when the trap was replaced 
by a bath at — 78° C. The first fraction contained nitric oxide, carbon monoxide, 
nitrogen, and in some instances, hydrogen, whilst the second fraction consisted 
of carbon dioxide, nitrous oxide, together with aldehyde vapours and a small 
amount of nitrogen peroxide and nitric oxide. On account of the difficulty 
of accurately analyzing the aldehyde in the second fraction, the latter, together 
with the nitrogen peroxide was in many cases (Table II) retained and the 
N a O -b CO a separated by using a bath at — 120° C. The gas samples were 
analyzed by standard methods, f viz., (1) carbon monoxide by oxidation to CO £ , 

* The authors are indebted to Messrs E. H. Pollard and R. M. H. Wyatt for 
these measurements. 

t Complete details of the method of gas analysis employed will be published 
as a separate communication. 
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using copper oxide at 500°, followed by absorption in potash, (2) NQ by ab¬ 
sorption m aqueous chromous chloride, (3) N a by difference, (4) H # by combustion 
over CuO at 300°, (5) carbon dioxide by potash absorption, (b) N a O by difference 
and by conversion to nitrogen over Cu—CuO at 500° C. The results of analyses 
of the final products are summarized in Table II. 


TABLE II 


Temp. 

(° C) 

% 

NO 

& 


% 

N. 

& 

i 4 o 

Remarks 

185-190 


8*9 

B 

B 



Average analyses of 
Expt. 20-23 (Table I) 

200 


9*8 


B9 



Average Expt. 24-27 

202 

ESk 

8-o 


R 9 




210 

537 

7*5 

— 

i *5 

*57 

11*6 * 

*N 2 0 -f some NO 

230 

32*8 

46*8 

12*2 


3*2 

o *9 \ 

Flame 

240 

48*6 

36-6 

8-6 

2*1 

2*2 

1*0/ 


The presence of hydrogen in the gases when explosion occurs is probably a con¬ 
sequence of the establishment of the wafer gas equilibrium at the temperature 
of the explosion. 

The residue in the trap at —- 120° and — 78° C after removal of the gaseous 
product was shown to contain acetaldehyde by use of the dimedone aldehyde 
reagent. The precipitate formed had a melting point identical with the derivative 
prepared from fresh acetaldehyde. This was confirmed by a mixed melting point. 



Course of the Reaction.—During the reaction, nitrogen peroxide was 
produced but this disappeared as the reaction piogressed and at the end of the 
decomposition, as judged from the colour of the gases, the percentage nitrogen 
peroxide present was very small. The formation and disappearance of nitrogen 
peroxide during the reaction was determined in the following way : an investiga¬ 
tion of the reaction between nitrogen peroxide and aqueous solutions of urea 
and amido-sulphonic acid showed that with known amounts of nitrogen peroxide 
the volume of nitrogen produced by reaction was half that of the volume of 
nitrogen peroxide used. The results obtained by this method of analysis at two 
temperatures, together with that of the other nitrogen oxides formed, are shown 
in Table III. 

It is evident from these results that the nitrogen peroxide present at its highest 
concentration in the earlier stages of the reaction, is consumed in oxidative 
processes with the formation of an approximately equivalent volume of nitric 
oxide. 
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Reaction Mechanism. —The above results indicate that the primary de¬ 
composition process is the breaking of the — O — NO a linkage, and that this 
reaction requires an activation energy of 39*5 keal., viz. 

C 2 Hj 0 N 0 2 -* C 3 H b O + NO a ; E — 39*5 keal. . . (1) 

TABLE lit 



Initial 

Time in 

Atoms N/molecules CfHjONOg X 100 

Temp. 

r c) 

Pressure of 

Reaction 




C t H 8 ONO* 

Vessel 




(mm.) 

(min.) 

NO a 

NO 

NjO 

(approx.) 

180 

33 *o 

40 

44 

15 

2 

180 

33 ’° 

»5 

55 

30 

2 

190 

40*0 

21 

f >3 

27 

3 

190 

40*0 

30 

— 

5 b 

3 

190 

40*0 

Oo 

32 

b 5 

3 

190 

40*0 

91 

6-o 

86 

3 


The nitrogen peroxide formed is consumed in subsequent oxidative reactions 
with the formation of carbon monoxide and dioxide. The actual reactions 
taking place cannot be stated with certainty, although it has been established 
experimentally that acetaldehyde is one of the intermediate products and it is 
assumed that it is formed from the ethoxy radical by one of the following 
reactions : 

CjHjO + C 2 H fi O -> C g H g OH ~j~ CH 3 C 1 IO . . . (2) 

c 2 ii 6 o -h c 2 h # ono 2 --> c 2 ir 5 oif + c 2 h 4 ono 2 - . . ( 3 ) 

c 2 ii 4 ono 2 * -> cir 3 CHo + no 2 . . . ( 4 ) 

The formation of aldehydes by the direct thermal dissociation of the intermediate 
ethoxy radical according to 

C 2 H 6 0 - -* CH 2 Q + -CH 3 .... ( 5 ) 

can be ruled out, since the experimental results neither indicated the formation 
of formaldehyde nor methane which would have been expected by reaction of 
the methyl radical produced with undecomposed nitrate or other intermediates : 

Cli 8 - + C 2 Hj 0 N 0 2 ^CJ1 4 -| C 2 H 4 0N0 2 \ . . . (o) 

The formation of CO, CU 2 and NO probably results from oxidation ol aldehydes 
or alcohols produced by nitrogen peroxide. This evidence is very strongly 
supported by independent investigations by Dr. b. 11. Pollard in this laboratory 
of the gaseous reaction between NO z and aldehydes. It has been found that 
aldehyde vapours and N0 2 react together very* rapidly at temperatures above 
160° C and that the NO a is reduced almost quantitatively to nitric oxide and the 
aldehydes oxidized to carbon monoxide and dioxide. 

Discussion 

It is of interest to compare the pyrolysis of the nitrate with those of 
the nitrite esters. The latter have been extensively investigated by Steacie 
and his co-workers, 2 who have postulated the decomposition mechanism, 
RClI a ONO -> RCH a O* + NO . . (1) 

RCH a O* -> RCHO -f H 
H + RCH 8 0 -* RCHgOH. 

The activation energy for the overall decomposition was 37,700 cal. for 
the ethyl ester. By studying the decomposition of ethyl nitrite at very 
low pressures, using a flow method, Rice and Rodowskas 3 proved the 
formation of free radicals by their attack on metallic mirrors and showed 

2 Steacie and Katz, J . Chem. Physics, 1937, 5 > 12 5 (where previous references 
are given). 

3 Rice and Rodowskas, J. Amer. Chem. Soc., 1935, 57, 350. 
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that the activation energy of the radical-forming process was about 35,000 
cal., and corresponded to the primary process (1). This was followed by 

CH,CH f O* + C|H 6 ONO -* C 8 H ft OH 4 C,H 4 ONO 
C 2 H 4 ONO -* CH a CHO + NO, 

which, like Steacie's scheme, accounts for the experimental products. 
At low pressures Rice and Rodowskas also assume the occurrence of the 
reactions, 

CH s CH a O- -* CH S - 4 CH a O 

and the subsequent reaction of the methyl radical to give methane. 

The difference between the dissociation energies of the nitrate and 
nitrite esters can be evaluated from thermochemical data 4 in the following 
manner : 

C|H 6 ONO* 4 175 0 2 = £N 2 + 2-5 H t O + 2 C 0 2 + 324 0 kcal. (7) 
C t H ft O* - 4 - 275 O a = 2 CO z + 2 5 H a O + 256*3 - * . . (8) 

NO, - JN 2 -f 0,4- 8*i kcal., . . . (9) 

which, on subtracting (8) and (9) from (7), gives 

C 2 H 5 ONO a = C 2 H 6 0 * 4- NO g 4 (59*6 4 - x) kcal., . (10) 

where is the heat of dissociation of the —OH bond in ethyl alcohol, viz. 

C t H,OH - C 2 H,G* 4 H - x kcal. 

The corresponding data on the heat of formation of ethyl nitrite, 
C 2 H 5 ONO 4 2 25 0 2 — 0 5 N 2 4 2 C 0 2 4 2 5 H 2 0 4 334 2 kcal., 
combined with (8) and 

NO = 0 5 N a -j- 0 5 O a 4 21*6 kcal,, 
gives C,HjONO — C 2 H 5 G 4 NO„ 4 (56*3 4 x) kcal. . . (11) 

The difference of 3*3 kcal. in heat of the primary dissociation process of 
ethyl nitrite and nitrate respectively corresponds closely to the difference 
in activation energies for the two reactions, viz. 37*7 kcal. for the nitrites 
and the value of 39 5 kcal. for the nitrate. The kinetic measurements of 
Rice and Rodowskas refer directly to the energy of dissociation of the 
O—NO bond and the agreement with the higher pressure kinetic values 
is so close that it may be assumed as a good approximation that the 
measured values of E for the nitrite and nitrate correspond to the dis¬ 
sociation energies of the O—NO and O—N() 2 bonds respectively. No 
other measurements of these values have been reported, but they may 
be determined from (10) and (11), if a reliable value could be assigned 
to x. Conversely, from the value of the —O—N 0 2 bond and equ, (ix) 
the dissociation energy of the —O—H bond in ethyl alcohol x is found 
to be 95*8 kcal. 

The authors wish to express their thanks to Prof. W. E. Garner and 
E. L. Hirst for their interest in this work. 

Department of Chemistry , 

University of Liverpool. 


4 Landoll-Bornstein, Physik . Chew. Tabellen. H, p. 1619. 



REVIEWS OF BOOKS 


Organic Reagents Used in Gravimetric and Volumetric Analysis* 
By John F. Flagg. (Interscience Publishers, Inc., New York, 
1948.) Pp. xiv + 300. Price 36s. 

The author states in his preface that the function of his volume is 
" to describe the various organic reagents (precipitants) used in gravi¬ 
metric and volumetric analysis ; to indicate the type of analysis in which 
they may be used; and to provide proved directions for their use." It 
may be said at once that this object has been largely achieved. 

The first four chapters, occupying some 79 pages, are devoted to 
“ theory ” and include excellent accounts of organic compounds as pre¬ 
cipitants for inorganic ions, some properties of organometallic precipitates, 
separations by means of organic reagents, and theory of the solubility of 
salts with a common anion. This is followed by a short chapter (12 pages) 
on “ technique " ; the reviewer feels that its brevity renders it of limited 
value to a beginner and the experienced analyst will probably prefer to 
have such subjects as quantitative bromination included under oxine. 
The remaining 186 pages are devoted to a detailed account of the various 
special reagents : in addition to simple determinations, full details are 
provided of their application to practical problems such as the analysis 
of steels, alloys, and ores. References to recent literature are given 
throughout. 

The reviewer was' t rather disappointed to find that the following 
organic reagents were not discussed : j 9 -naphthoquinoline (for cadmium), 
m-nitrobenzoic acid (for thorium), pyrogallol (for bismuth), ^-aminoaceto- 
phenone (for palladium), and sodium 6-chloro-5-nitrotoluene-3-sulphonate 
(for potassium). Such omissions tend to reduce the usefulness of the 
book. A new edition might well include an account of these and at least 
a bibliography of all other organic reagents which have been used in 
quantitative inorganic analysis. Literature references to the preparation 
of the various reagents would be welcomed by many. 

The proof reading has been carefully carried out. The following 
minor errors have been noted: p. 131, for per chloride read perchloric ; 
p. 243, for De Varda’s read Devarda’s \ the formula for tetraphenyl- 
arsonium chloride contains pentacovalent arsenic. The instruction on 
p. 222 to filter through a “ Jena G4 sintered-glass crucible ” reads rather 
strangely in a book written in the U.S.A. during 1948. The production 
of the book is excellent, but the price of 36s. is rather high by British 
standards. A. I. V. 
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THE THEORY OF MOLECULAR DISTILLATION AND 
ITS EXPERIMENTAL VERIFICATION 


By R. S. Bradley and A. D. Shellard 
Received nth October, 1948 

The theory of molecular distillation for binary mixtures is discussed, and 
is shown to be applicable to measurements on mixtures of normal hexadecane 
with (a) normal tetradecane and (b) normal pentadecane. Values of the vapour 
pressure of (a) and (b) have been determined at 40 and 4b 0 C respectively. 


In the so-called molecular or ideal distillation a freely flowing jet of 
vapour, coming off a liquid surface in a hard vacuum, is condensed on a 
cooled surface. Under ideal conditions the path is short and the vapour 
pressure is such that the flow is of the " molecular " type studied by 
Knudsen, i.e. collisions between molecules play an unimportant role. 
The distillation of mixtures using a molecular still cannot be followed 
in the usual way by means of the change in boiling point, and Hickman 
and his co-workers 1 have therefore had recourse to the introduction of 
“ constant yield oil ”, and have studied the ” elimination curve ” deter¬ 
mined from the quantities carried over at various ranges of temperature. 
Hickman considers that the separation achieved is poor, and states that a 
difference of boiling point of ioo° C is required for good separation, but 
points out that this disadvantage may be compensated by the low 
temperature employed. 

We have used a simple molecular still for the purification of the higher 
paraffin hydrocarbons, for studies on the rates of evaporation. 2 In order 
to characterize the distillation we have kept the temperature constant 
at some figure convenient for fairly fast distillation (say 10-20. g./hr.), 
and have determined the quantities distilling over as a function of the 
time. When this laboratory technique is applied to specially prepared 
mixtures of long chain normal paraffins it appears that considerably 
better separations are possible than those obtained by Hickman under 
industrial conditions. A theoretical study, which we believe to be new, 
is given below, together with the experimental results for hydrocarbon 
mixtures. 

The Theory of the Distillation of Binary Mixtures at Constant 
Temperature in a Molecular Still.—Suppose that at any time there are 
in the distilland w x and w % g. of molecules 1 and 2, the molecular weights 
of which are M x and M it and saturated vapour pressures of the pure 
components p 1Q and p i0 respectively. Let the effective area of the con¬ 
densing surface be A , and the partial vapour pressures p x and p % . If we 
suppose that the condensing surface is cool enough for the vapour pressure 
at this surface to be negligible in comparison with the vapour pressure 
at the liquid surface, and that the evaporation coefficient is unity, which 
holds for the hydrocarbons we have studied, 2 then 



1 Hickman, Amer. Sci., 1945, 33, 205 ; Chem. Rev., 1944, 34, 51. 

* Bradley and Shellard, Proc. Roy. Soc. A (submitted for publication). 
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d w z 

~df 



(2) 


where 


if Raoult’s law holds ; 


Pi — Pio 


Pt = P ao 


x W '! M ' 
w l /M l -f w z /M z ’ 

W t/M z 

w 1 /M l + w z /M z 


(3) 

(4) 


T is the absolute temperature of the distilland. 


Hence 

d w t p t 0 w t 

\mJ 

If 


*/>10 

Pi* 

on integrating we obtain 

W, = yw{, 



W10 

y== u/ 

10 



(5) 

( 6 ) 

(7) 

( 8 ) 


where w 1Q and 7%, are the initial weights in the distilland. 

If w 1 in eqn. (4) is replaced by the value given by (7), we obtain in 
place of (2) 


d w z 

Hi : 


j. _ 

yt0 w t M t + w % M 


— Pi 0 


M , 


AT, + M t yw{ 


( M* \ * 

i \ 2 ir.Rt) 

( J? 

\ 2 rrJ 


X A 


V 


X A. 


The last equation gives on integration 

- - p t 0 M l At + 8, 

where 8 2 is a constant given by 

M 1 w„ + M 2 w,„/p = 8j. 


A similar result is obtained from (i), viz. 

M,w l + 0M,u>, = p l 0 M t + 8 i 


(9) 


(10) 


From (9), (10) and (6) it is clear that 

j 3 S a = 8 4 . 

Eqn. (9) at first sight appears difficult to solve for w z at a given time. 
It is, however, very easy to draw up a table of times corresponding to a 
range of values of w z , since 

* = - Miw * - M ‘ yw * if>} • • (ir) 

It is, therefore, a simple matter to plot t as a function of w v and hence 
Wj can be read off from the graph for any value of l. The theory may 
also be checked by plotting the function 

<l>(w z ) = M l w z 4- M z yw?,/p 

as a function of t, when a straight line should be obtained. It should 
be noted that w v and w 2 refer to the distilland, i.e. to the liquid in the still ; 
the quantities which have distilled are w 10 — w lt and w ZQ — w v The 
simple theory is easily extended to polycomponent mixtures. 



R. S. BRADLEY AND A. D. SHELLARD 


503 


Experimental 

A simple Pyrex pot molecular still was used, as the falling film type, although 
more efficient, introduces complications which are difficult to assess theoretically. 
Approximately 40 ml. of liquid was heated by the thin platinum spiral A, which 
was soldered by means of nickel to tungsten leads passing into mercury in the 
tubes B. Leads from a 20 V mains transformer dipped into B, and a current 
up to 3 A could be obtained, using a variable resistance. The condensate 
was coliected in six sample tubes C. Each sample tube passed through a hole 
in a circular aluminium plate which rested on pips fused to the tube D, the bottom 
of the tube being supported on a second aluminium plate. The tube D ter¬ 
minated in a dry socket, the core of which, E, was fused to a second cone which 
could be rotated by means of F in a socket lubricated by Apiezon grease. The 
sample tubes, aluminium plates and tube D could be removed by means of a 
hook engaging in the wire G. Vacuum wax was used on the large ground-joints. 
The temperature of the liquid could be read on a thermometer inserted into a 
pool of mercury in the bottom of the tube I. The apparatus was exhausted 
to jo - 5 cm. Hg by means of a mercury-vapour pump backed by an oil pump, 
with a liquid-air trap just before the apparatus. 

For reasons of analysis we have used only binary liquids. A mixture con¬ 
sisting of 20*8 g. of pure w-hexadecane and 14*7 g. of pure n-tetradecane was 
distilled at 40° C at a pressure of jo* 4 -!©- 6 cm. Hg. Six samples, 2-4 g. each, 
were collected, and the time required to collect each sample was recorded. The 
residue in the still, 11 g., set to a crystalline mass and gave at 25 0 C the same 
refractive index as pure «-hexadecane. 


TABLE I. — Calibration Curve for Composition-refractive Index for 

m-Ci 4 H J0 -f «-C 1# H 

34 


Wt. % c 14 

« 25 

n D 

Wt.%c u 

25 

D 

0 

1-43308 

60 

I-42966 

10 

1-43247 

70 

I-429I6 

30 

1-43147 

100 

1-42745 

50 

1-43006 


~ 


The six samples of distillate were then mixed and the distillation was repeated. 
Results for both runs arc recorded in Table II. 


TABLE II.— Molecular Distillation of n-C 14 H a0 -f- n-C 1# H 34 


Fraction No. Wt. of Fraction 

Wt. C 14 ia 
Fraction 
(g-) 

Wt. (4 in 
Fraction 
(g.) 

Time to Collect 
each Fraction 
(min.) 

Temp. 

°C 

Expt. 1 : 20-8 g. C le 4 14*7 g- r i4 




I 2-404 

0-26 

2-14 

— 

20-40 

II 3-972 

0-64 

3*33 

lo 

40 

III 3-798 

0-83 

2*97 

IO 

40 

IV 3-990 

I ’ 28 

2-72 

16 

40 

v 4-154 

2-37 

1-78 

26 

40 

VI 4-023 

3-70 

0-32 

34 

40 

VII no 

II-O 

0 

(left in still) 



Expt. 2 : 19-64 g. C 16 4 13-10 g- Cxi 


I 

3-70 

0-41 

329 

— 

17-40 

II 

3-809 

0-69 

312 

7 

40 

III 

3-350 

0-84 

2-51 

8 

40 

IV 

3-723 

i'34 

2-38 

12 

40 

V 

3 - 7 & 3 

2-30 

1-46 

20 

40 

VI 

4-308 

4-09 

0-22 

30 

40 

VII 

9-82 

1 

9-82 

O 

(left in still) 



The refractive index of the six samples was determined, using a Pulfrich 
refractometer, and thence the composition could be calculated from the calibra¬ 
tion curve of refractive index against % composition by weight. The latter was 
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found to be linear, and the spread of values of refractive index is sufficient to 
give reasonably accurate compositions, as is seen from the data of Table I. 

In Expt. i the weight of C 14 -f C 13 recovered was 33*34 g., i.e. ca. 2 g. was 
lost, but in Expt. 2 the loss was only 0*2 g. ; some of this was lost in the trap. 
Since fraction I was collected over a rising temperature it was rejected for the 
purpose of verifying the theory, and distillation was assumed to start at fraction 
II. Thus for Expt. 1 it was assumed that the initial weights of C 1# and C 14 
in the still were respectively 20*8 — 0-26 = 20-54 g-» and *4*7 — 2*14 — 12*56 g. 
Similarly for Expt. 2, w 10 -- 19*64 — 0-41 = 19*23 and w 20 = 13*10 — 3*29 = 
9*81, where w 10 and w 20 ate taken to be the initial values of w x and w 2 respectively. 

From the data above the weights of C 14 and C 16 left in the still at the instants 
at which the sample tubes were filled could be calculated, and a composition¬ 
time curve could be drawn for the distilland (Table III). The shape of this 
curve is indicative of a good separation in the latter part of the runs, when 
almost pure hexadecane was recovered ; the boiling points of w-C 14 H 30 and 
n- Ci.H m are quoted as 251-0° and 280-0° C respectively. 3 Although the 
temperature has been maintained constant in order to facilitate the theoretical 
analysis and give a clear picture, it might be expedient when the last fractions 
are much less volatile than the first, to increase the temperature towards the 
end of the distillation ; the separation curve is, however, more difficult to 
interpret. 

TABLE III 

1 — «-C 14 TI 34 . 2 = w-C 14 H 30 . Values of <f> are Calculated in a Later 

Section 


% i 

W-Cl # H 34 I 

in Distil¬ 
land 

V’l (g.) 

(gd 

t (min.) 

1000 

0 / 

/O 

«-Ci e H ai 

in Dis- 
tiUand 

j «’i (gd 

I 

(gd 

t (min.) 

IOOO 

Expt. 1 





Expt. 2 





62 

20-54 

12*56 

0 

36*9 

60 2 

19A? 

| 0*81 

O 

34‘T 

68-3 

19-90 

9*23 

TO 

35 1 

73*5 

» 8-54 

0-69 

7 

32*3 

7.V3 

19-07 

6-26 

20 

33 -o 

80-9 

1770 

4-18 

15 

30*3 

« 3*4 

17-79 

3*54 

3 b 

3 o -3 

QO *3 

10-36 

i-8o 

27 

27*5 

8 o-8 

15*42 

1-76 

62 

2O0 

97-6 

14-06 

o *34 

47 

23*4 

89 

11-72 

144 

96 

19-8 

98-9 

9*07 

0-32 

77 

16-6 

100 

ITO 

0 

(left in still) 

1 

i 00 

9-82 

1 (left in still) 

1 1 


Evidently Expt. 2 is the more accurate. The whole of the above experimental 
procedure, except that the refractive index curve was assumed to be linear, 
was repeated with mixtures of w-C I6 H 32 and w-C 16 H 34 , with the results listed 
in Table IV. 

TABLE IV 
Expt. 3 

22-88 g. «-C le H 34 f 9-81 g. 1 = C 18 . 2 = C 15 


Frac¬ 

tion 

No. 

Wt. of 
Fraction 
(gd 

Wt. c ie 

in 

Fraction 

(gd 

Wt. c 15 

in 

Fraction 

(g-> 

Time 
to fill 
each 
Frac¬ 
tion 
(min.) 

Temp. 

“C 

w x 

(gd 

W 2 

(gd 

t 

(min.) 

0/ 

/o 

Ci« in 
Distilland 

IOOO 

I 

3-908 

1-407 

2-501 

_ 

i 5 - 4 b 

_ 

_ 

_ 

_ 

_ 

— 

— 

— 

— 

— 

l 46 

21-47 

7 * 3 i 

0 

74-6 

M *9 

11 

4-018 

2-090 

1928 

9 

46 

* 9 * 3 8 

5 ’ 3 8 

9 

78-3 

* 3 * 2 

III 

3*&53 

2 -IQ 2 

1-461 

9 

46 

17-19 

3.92 

18 

81-4 

ii *5 

IV 

3 ' 94-2 

2-680 

1*262 

JO 

46 

I 4 * 5 i 

2-60 

28 

84-5 

9*5 

V 

3-750 

2-850 

0-900 

11 

46 

11-66 

1-76 

39 

86-9 

7-6 

VI 1 

4-358 

3*660 

0-698 

12 

46 

8-oo 

i-o6 

51 

88-3 

5-2 

VII 

, 

8-441 

8- 44 i 

0 

(Left in still) 

8-441 

0 


IOO 

— 


Loss = o-6 g. w 10 — 22-88 — 1-407 — 21-47. w to = 9*8i — 2*50 = 7*31 


8 Egloff, Physical Constants of Hydrocarbons, Vol. I. 
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It is evident that even for this mixture, the components of which differ in 
boiling point 8 by only 12° C, the separation is good for the end fraction, since 
almost a third of the original n- C 1€ H 54 is recovered almost pure. In addition 
for reasons which will be evident in the theoretical section following, we have 
distilled n-C 1# H 34 at 47° C, with the following results : 

Expt. 4. Fraction II. wt. — 3*528 g., time to collect = 13 min. 

III. wt. 3*579 g*. » „ = 13 .. 

„ IV. wt. = 3-487 g., „ „ = 13 „ 

The mean weight collected in 13 min. was 3*53 g. As would be expected 
the rate of distillation was constant. 

Application of the Theory to the Experiments. —For the calculation 
of the values of ) 5 , a knowledge of the vapour pressures is necessary. Vapour 
pressure equations of the Antoine type have been given by Thomson, 4 but these 
are derived from data at higher temperatures, and are unsuitable for extrapola¬ 
tion to 40-47°. We have determined the vapour pressure of liquid n-C le H 34 
at 20-35° C ; and have shown 2 that the results may be represented by the 
equation log 10 P cm. — — 4189/T F 10-260. This gives for P at 40°, 46°, 
47° the respective values 0-77 x 10- 3 , 1-36 x 10- 3 , and 1-50 x io~ 3 cm. Mr. 
G. C. S. Waghorn, working under the direction of one of us (R.S.B.) has deter¬ 
mined the vapour pressures of w-tetradecane, using the Knusden technique. 
Reasonably concordant values were obtained using holes of different sizes for 
the effusion of the vapour. The mean results are as follows : w-tetradecane 
at 40° 0 (6-o8 ± o-o5) x 10- 3 cm. Hg ; w-pentadecane at 46° C (3-82 ± 0-03) 
X 10- 3 cm. Hg. 

For the mixture w-tetradecane and w-hexadecane we calculate 0 = 0-1196. 
The values of = MjW 2 4- M t w 1 /p, where liquid 1 is n-hexadecanc and liquid 2 




4 Thomson, Chem. Rev., 1946, 38, 1. 
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n-tetradecane, are given in Table III, and are plotted in Fig. 2. It will be seen 
that ^ against / is a good straight line, with slightly different values of the slope 
for Expt. i and 2. Since the value of A, the area of the condensing surface is 
somewhat indeterminate, we have calculated A from the equation .* 



The values of d(f>/dt for Expt. 1 and 2 are respectively 178 and 229 per min., 
giving a mean value of A — 5*3 cm. 2 . This is less than the area estimated by 
sticking paper on the curved surface, viz. 17 cm. 2 . However, the effective 
condensation area is indeterminate by direct measurement, and our calculated 
result is of the right order. 

Similarly, for w-pentadecane (2) and w-hexadecane (1), we find 0 = 0*3447. 
The values of </> are given in Table IV, and it will be seen from Fig. 3 that </> 



is a linear fraction of t. d<f>/dt — 188 per min., giving A = 7*38 cm. 2 . 

These values of the condensing area are in rough accord, and are approxim¬ 
ately the same as the area deduced from the results for cetane alone at 47 0 C. 
For cetane alone 



giving A — 0*i2 cm. 2 . 


Discussion 

In so far as the calculated results for the condensing area are of the 
same order as the measured value, which is difficult to compute, it would 
appear that the course of the molecular distillation is adequately covered 
by classical theory. The low value for the calculated area may be due 
to impedance in the molecular flow owing to collision of hydrocarbon 
molecules with one another. This departure from the simple theory will 
increase with the vapour pressure, and we consider that the term molec¬ 
ular distillation should be confined to examples in which the molecular 
flow is approximately ideal and relatively free from gas collisions between 
evaporating molecules and air molecules or between pairs of evaporating 
molecules. 
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The mean free path of the hydrocarbon molecules, for collision with 
one another, is difficult to compute, since the temperature and concentra¬ 
tion were changing from the liquid surface to the cold surface. We have 
determined the collision area of the hydrocarbons for collision with 
molecules of air,* and an estimate may be made from these of the collision 
area and mean free path A n for collisions between hydrocarbon molecules. 
For w-hexadecane at 15 0 C, A u =1*9 cm., at 40° C, A u = 0*12 cm., if 
the concentration of molecules at the two temperatures is that appropriate 
to the corresponding saturated vapour pressure. For w-tetradecane at 
40° C, A n — 0.015 cm. For ideal conditions it is clear that the evapora¬ 
tion path, which varied from 2 to 4 cm. as the distillation proceeded, 
should have been shorter. Our aim in this work, however, was not to 
make the conditions of distillation as ideal as possible, but rather to 
examine a convenient and simple laboratory still and to see to what extent 
the ideal behaviour was obeyed, and to determine the separation which 
could be effected. 

For this reason the liquid was not stirred and it is possible that some 
denudation of the more relative component occurred from the surface 
layers. The method of heating from the bottom gave rise to convection 
currents, however, and the low rate of distillation also favoured mixing 
of the liquid. It is clear that surface denudation could not have been 
a major factor, otherwise the rate of distillation in the early stages would 
have dropped to that of the less volatile component. 

The low value of the calculated area is unlikely to be due to residual 
air, since the rate of evaporation in the presence of air is given by 

x - h t 1 . —\\ 

\kl ) \ntm ( kT \i (/ — A) 

1 + «US.) T 5- 1 

for a single component of vapour pressure p, molecular mass m and 
evaporation coefficient a ; /is the length of the diffusion path, D the dif¬ 
fusion coefficient and A the distance from the liquid surface to the region 
of highest concentration of vapour molecules. 6 As the air pressure is 
reduced the rate of evaporation passes asymptotically towards the 
vacuum rate, and beyond a certain low air pressure further reduction in 
the air pressure makes little difference to the rate of evaporation, a point 
also stressed by Carman. 6 

Our thanks are due to the Shell Marketing and Relining Company 
Ltd. for a grant to defray part of the cost of the apparatus, and for 
generously allowing one of us (A.D.S.) to take up the work in Leeds while 
in their employ. Our thanks are also due to Prof. M. G. Evans for his 
interest in the work. 

Department of Inorganic and Physical Chemistry , 

The University of Leeds. 

6 Bradley and Birks (Proc. Roy. Soc. A, submitted for publication). 

6 Carman, Trans. Faraday Soc., 1948, 44, 529. 



THE TRANSFER OF SODIUM AND POTASSIUM 
IONS BETWEEN MUSCLE AND 
THE SURROUNDING MEDIUM 

By E. J. Harris and G. P. Burn 
Received ist November, 1948 

The kinetics of the transfer of alkali metal ions between an assembly of cells, 
such as make up a muscle, and the surrounding medium depend on two factors, 
the rate of diffusion of the ions in the extra-cellular space and the rate of crossing 
the cell boundaries. Equations describing the time course of the process have 
been solved for the special cases of sodium and potassium ions being transferred 
into the cells of a thin sheet of muscle. 

The transfer of the sodium ion takes place as if it were the sum of diffusion 
and permeation processes. From experimental data it was possible to deduce 
the diffusion constant of the ion in the extra-cellular space (2*6 X io~® cm. 2 sec.- 1 ), 
the cell permeability (0*0005 cm. hr.- 1 ), the fraction of extra-cellular space 
(o* 1-0*3), and the ratio of the internal to the external sodium concentration 
(0*14-0*28). 

The potassium ion transfer involves both diffusion and permeability con¬ 
stants implicitly; by assuming a diffusion constant the permeability constant 
was obtained (0*0034 cm. hr. -1 ). This permeability constant was found to be 
independent of the concentration of KC 1 in the Ringer’s solution in the range 
0*015 % KOI to 0*09 % KOI. The effect of loss of potassium from the cells 
on the permeability is discussed. 

Figures for the permeability of frog erythrocytes to potassium (9 x 10- 6 
cm. hr.- 1 ) and sodium (2 x 10- 6 cm. hr. -1 ) w r ere obtained. 


Before radioactive tracer elements became available the study of the 
rate of loss or accumulation of inorganic ions in muscle cells had to be 
conducted by using solutions either richer, or poorer, in the chosen ion 
than the normal physiological surroundings, so that the changing con¬ 
centration resulting from the cells’ activity could be followed analytically. 
In order to obtain a set of results relating to diflcrent times of exposure 
to the medium it was necessary either to use a large number of separate 
specimens, or to make some assumption to relate an observable physical 
change (e.g. swelling) with the amount of ion which had entered. These 
experiments merely gave information regarding the net change of the 
amount of the ion, which was the difference between the amount gained 
and the amount lost during the experiment. Under physiological con¬ 
ditions, a steady state prevails and the internal concentration of the ion 
does not change, although by use of isotopes to provide labelled ions, 
distinct physically but similar chemically, it is possible to observe the 
dynamic state of the equilibrium, and to measure the rates at which ions 
enter and leave the cells under various conditions. It is important to 
obtain information on the “equilibrium” state, which prevails in vivo : 
the use of solutions containing too great an excess or deficiency of the 
alkali metal ions can lead to alterations in the properties of the cell mem¬ 
brane which vitiate conclusions drawn concerning the resistance it offers 
to the ions under physiological conditions. The application of radioactive 
isotopes permits the assay of the amount of an ion which is in the tissue 
sample at any time during the experiment, so a curve relating the amount 
of the ion transferred from solution to tissue, or vice versa, to the time 
elapsed, can be drawn for each specimen. When the external concentra¬ 
tions have been properly selected the concentration of the ion being studied 
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does not change in the chemical sense, it is the change in the proportion 
of labelled (i.e. associated with a certain radioactivity) material which 
allows the transfer to be followed. In this case the transfer becomes 
statistically an exchange process, the number of ions passing in one direc¬ 
tion being equal to the number passing in the opposite direction. 

A number of observations made by the isotope technique have been 
recorded concerning the exchange of sodium or potassium ions between 
muscle and plasma. 1 * * a - 3 - 4 * Krogh 8 has reviewed the subject up to 1946. 
It appears that frog muscles have failed to show complete exchange¬ 
ability of their potassium, and this has been discussed in terms of un¬ 
ionized complexes and impermeable barriers. The former explanation 
is generally discounted, and no final conclusion has been reached. There 
are few exact measurements of the rate of exchange of potassium ions 
in vivo because the plasma concentration of the labelled ion changes 
rapidly following injection. In order to make calculations of the ion 
transfer it would be necessary to have a record of the plasma radio¬ 
activity, and preferably to keep the proportion of labelled ions constant 
by continuous injections. Such procedure is hardly possible with small 
animals like frogs. Noonan, Fenn, and Haege 6 found that the exchange 
of potassium was affected by blood circulation and denervation of the 
muscle. The exchange reached about 10 % in an hour in live and per¬ 
fused frog muscles. Dean 7 found a similar figure for the exchange taking 
place between an isolated frog muscle and Ringer's solution, whether in 
an atmosphere of oxygen or nitrogen. 

Radio-sodium uptake has been used to measure the extra-cellular 
space of muscles. 8 - 9 The latter authors 9 were aware that the sodium 
also exchanged with intracellular material, and Krogh 3 found that the 
value for the “ extra-cellular space " based on the uptake of radio-sodium 
was 50 % greater than the space as measured by the uptake of thiocyanate 
ion. Ussing 4 has reported a half-period of .J hr. for the penetration of 
radio-sodium into an isolated frog sartorius. 

It proves difficult to distinguish that part of the sodium which is present 
in the cells from that present in the extracellular space, and tracer methods 
do not of themselves assist in the matter. It is only if the exchange of 
the one sort proceeds with a velocity sufficiently different from that of 
the other that a distinction can be made. There does not appear to be 
any evidence that the sodium associated with the muscle cells is really 
inside the membrane, as distinct from being adsorbed in the cell wall 
material. In the discussion of results it is convenient to use the adjective 
“ internal," applied to that part of the sodium which does not exchange 
as fast as that present in the extra-cellular volume, but there is no evidence 
as to the location of this less rapidly exchangeable part, and the formulation 
remains similar if, in fact, the internal sodium is adsorbed. 

The kinetics of transfer processes taking place through membranes 
were discussed by Collander and Barlund. 10 They distinguished two 
limiting cases, one when the transfer was controlled by a thin layer con¬ 
tributing all the resistance, and the other when a uniform resistance 
was encountered. The former leads to an equation involving a per¬ 
meability constant, which includes an unknown factor related to the 
membrane thickness and has the dimensions length/time, while the latter 

1 Hahn and Hevesy, Acta Physiol . Scand., 1941, 2, 51. 

3 Heppel, Amer. J. Physiol., 1939. 128, 449* 

8 Krogh, Acta Physiol. Scand., 1944, 7, 221 and 238. 

4 Ussing, Nature, 1947, 160, 262. 

6 Krogh, Proc. Roy. Soc. B, 1940, 133, 140. 

* Noonan, Fenn and Haege, Amer . J. Physiol., 1941, 132, 474 and 612. 

7 Dean, /. Cell. Comp. Physiol., 1940, 15, 189. 

8 Hevesy and Rebbe, Acta Physiol. Scand., 1940, I, 347. 

•Manery and Bale, Amer. J. Physiol., 1941. 132, 215. 

10 Collander and Barlund, Acta Fenn. Bot., 1933, 11, 1. 

18 * 
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corresponds to the diffusion process and involves the diffusion constant 
with dimensions (length) 2 /time. Hill 11 and Eggleton, Eggleton and Hill 11 
had already shown that diffusion accounts for the gain and loss of lactic 
acid, oxygen, and urea by muscles. A concentration gradient is en¬ 
countered and the basic equation for the one-dimensional case (an infinite 
sheet) is 

£ ^[S] m 

d* A 2 d* 2 . 1 ; 

in which D is the diffusion constant and A is the factor by which the dis¬ 
tance the substance has to travel between the outer surface and any 
point inside is increased by reason of obstacles. 

Evidently diffusion must limit the equilibration between the external 
medium and the extra-cellular fluid of the isolated muscle. 18 When apply¬ 
ing this consideration to tracer experiments there is no chemical con¬ 
centration gradient, but nevertheless, the effect of the Brownian move¬ 
ments is to lead to a movement of labelled ions into those parts of the 
system occupied by unlabelled ions, and vice versa, provided no energy 
barrier greater than several times kT is interposed. For the purpose of 
diffusion calculations we can therefore treat the labelled and unlabelled 
ions as distinct species. Returning to the first case of Collander and 
Barlund, 10 suppose we have to deal with a system which maintains an 
ion S inside the confines of a membrane at a concentration different from 
its concentration outside. The probability of transfer of an ion from out¬ 
side to inside will be supposed proportional to the outside concentration 
[S 0 ] and the probability of the reverse transfer will be taken as propor¬ 
tional to the inside concentration [S,]. In a cell, therefore, with surface 
area A, the net amount going in per unit time is 

k x A [S 0 ] — * 2^4 [SJ, 

where k x and k 2 are constants. If then V be the volume of the cell the 
rate of increase of concentration inside will be 

(«i[S 0 ] - « a [SJM/F. 

Calling kiA/V, /q and k 2 A /V, k 2 we have 

~~ - - k t [S,] .( 2 ) 

Krogh’s " permeability constant ” is * 2 which is equal to Vk 2 /A , while 
Conway’s 14 is k x which is Vk 1 /A. 

Provided the cell is in equilibrium with its surroundings the rate of 
change of [SJ is zero and 

*i[So] ~ 

In order to distinguish labelled ions they will be denoted S* and unlabelled 
ions S v . S will be taken to refer to all ions, whether labelled or not. The 
experiment is usually conducted in a large volume of external solution, 
or one which is renewed, so the outside concentration of S x or S v as the 
case may be, remains constant. It is then possible to eliminate either 
k x or k 2 and obtain ^eliminated for the steady state, 

~~ — .... ( 2 a) 

for the external solution all unlabelled, and 

~ar = * ,[S<] ~ * ,[Sf] . (2b) 

for the external solution all labelled. The integrals are, respectively, 

- ft,< = In.... (3a) 

11 Hill, Pyoc. Roy . Soc. B, ig 29, 104, 39. 

12 Eggleton, Eggleton and Hill, ibid., 1928, 103, 620. 

13 Harris and Burn, Nature, 1948, 162, 929. 

14 Hill, Proc. Roy. Soc. B, 1930, 109, 267. 
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k t t — In {i .(3^>) 

When comparing the properties of cell membranes it is the amount 
of ion being transferred per unit time and area which is of interest, as was 
realized by Mullins, Fenn, Noonan and Haege 16 in their work on erythro¬ 
cyte permeability. Under steady state conditions this amount is given 
by either ^[S,,] V/A or &*[S t ]V/A, which are equal. Conway based his 
arguments on the quantity k y V{A, which does not express the amount 
of ion being gained or lost by the cell per unit area and time until multiplied 
by [S 0 ]. 

Preliminary measurements of the rate of exchange of alkali metals 
between isolated frog sartorii and gastrocnemii and the surrounding 
solution showed that the rate depended upon the dimensions of the muscle. 
This indicates that diffusion plays at least some part in the process, for 
the basic permeability equation only involves the volume/surface ratio 
of the cells, and not the size of the bundle when several or many cells 
are examined together. It is accordingly necessary to consider a system 
in which the ions only reach the cell boundaries after diffusion through 
the interspaces. The cells are supposed to have an internal concentration 
[SJ and to be in steady state conditions with external concentration [S 0 ]. 
At time zero, the bundle of cells is transferred to a new solution, having 
a concentration [SJ] of labelled ions. The problem is then to find the 
amount of labelled ion present in the assembly (muscle cells plus inter¬ 
stitial fluid) after any time t. The ions S x move into the interspaces by 
diffusion, and are always subject to the possibility of transfer to the in¬ 
terior of a cell according to eqn. (2). After time t the concentration of 
labelled ion in the cells will be changing at a rate, 

~-jr - A.[S'] - A t [Sf].(2 c) 


[S*] and [Sf] being functions of position and time. The rate of build up 
of the labelled ions in the cells plus interspaces is defined by eqn. (1 a), 


R x a>[s*j _ a x Jts *1 
a* x ~ a r 


4 - b x 


arsg 

Dt ' 


(ia) 


in which a is the fraction by volume occupied by extra-cellular fluid and 
b is the fraction by volume occupied by intra-cellular fluid. The solutions 
of the simultaneous equations (2 c) and (ia) have been given us by Mr. 
Wigglesworth of the Mathematics Department, University College, London. 
For both sides of the infinite sheet exposed to the solution having con¬ 
centration [SJ] at t == o, the sheet having uniform concentrations [S 0 ] 
in the interspaces, and [SJ in the cells at t — o, and sheet thickness l, 
they are 


and 

in which 


00 

[S’] = [SJ] + 2 ^»n+i sin (2M + 1 )^, 
0 1 

h 00 

[Sf] = -, J [S;] + T <4,„ +1 sin (2 n + i)~, 
** « 1 


• (4) 

• (5) 


^I»+l = 


4[SJ] v r ± a i) ex P («!*) - a i(*» 4- 0Cj)exp(aV) 


and 


,n+1 (2W -j- I )tt u. 

-4[SJ] 


- i^TTf. x £ x 


(a, — 

-a, exp (a,<) — a, exp (a,/)* 
(a, - a,) 


]■ 


(4«) 

(5«) 


16 Mullins, Fenn, Noonan and Haege, Amer. J. Physiol. 1941, 135, 93. 
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The average values of [S*] and [Sf] over the thickness l are 


[S'] = [SJ] + J r 


[2n -f i)n 




(2 n -f i)* 


The exponents a, and a 2 are the roots of a quadratic and are given by 


j^aftg-f-ftft, -f- (zn-\-i J i £ ^^2+^1+ (2 m-|~i) 2 


-4tfft 2 (2n4-i) 2 


This result shows that the time constants involve D/A 2 and the constants 
ft, and ft 2 , one of which can be eliminated as before. It will be seen that 
measurements made on an assembly of cells do not directly furnish a value 
for either diffusion constant or membrane permeability unless it happens 
that one of the processes takes place at a very different rate to the other. 
When it is desired to apply the equations to a muscle exposed on one side 
only, / is to be replaced by 2/. 

The Transfer of the Potassium Ion. —In order to make use of the 
equations above it is necessary to make approximations. In the majority 
of muscles the values of a and 6 are not far from 0*13 and 0-67 respectively. 
In the potassium transfer experiments we have used solutions such that 
the ratio of external to internal concentration was between 01 and 0*014. 
From the steady state equation this sets the ratio ft a /ft,. Then aft 2 /6ft, 
has the range 0*02-0*0033. It is, therefore, allowable to neglect ak t and 
its multiples with respect to the same multiples of 6ft,. The roots a, 
and a 2 can then be obtained. They are 


;[“■ + <" + "'S’ 


, . . ^ 71 jus 

k ^ 2n + 1 )**ji 

a a « - - i jy 

** l + (*» + *) 2 ^i 

Putting these into eqn. (46) and (5ft) the values of the mean concentrations 
of labelled ion in the extra-cellular and iritra-cellular fluids at time t after 
immersion in a solution of constant concentration are found. 

For extra-cellular potassium, 


[k*] _ _ 8^ 

[K;] “ 1 2. 

and for intra-cellular potassium, 


exp (a x /) + 


6ft, 

(2W -f i) 2 6 

" ;:^d 


exp (a 2 f) 


6ft, -|- (2W 1) 


g 00 a K X ~ X exp (a,/) 

L( & A l+ ( 2 «+x)*^y 


ft, exp (a ,t) 

M2» + 1)' 


In order further to simplify (8) put 6ft, equal to r(ir*D/A*/’). The first 
values of a, a.re 


- 25k, 

25 + r 


3 

- 49* 1 
49 + * ' 
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If r is not much more than unity (and practical values justify this) it 
will be sufficient to take only the first two terms as differing from those 
of the series, 

f j[ *. = * V* 

“ (2tt + i) a 8 

-M + [exp (— ex P (- M] 

+ o-in[exp (“-) - exp (- *,<)]• 

Also the value of a x proves to be some hundred times a„ so the first term 
including exp (a x t) rapidly becomes negligible. In the experiments to 
be described this is true after 500 sec., so eqn. (7) and (8) become 


so that 

Z e~«»* 

(2W -{- l) a 


IT 2 

-g-expi 


[ K*] _ _ 8 y_ bkj e xp («,<) _ 

C K ;J 0 (bk t + (2« + i)’^)(2« + i)‘ 


for t> 500 sec., (7 a) 


m ~ fcf 1 - 0812 [°- 121 ex p+ ex p (rrv) 

+ o xnex P (-~^)]}. (8a) 


When the assay of the amount of labelled ion is made, both the intra- 
and the extra-cellular ions are observed together, so that strictly a weighted 
mean of the concentrations given by the above equations should be com¬ 
pared with experimental results. The relative amount of extra-cellular 
potassium is generally a few % of the total, as indeed is stated by the 
original condition that dk^bh x — 0*02-0*0033, so in the interpretation of 
the experiments it is only necessary to use eqn. (8a). It is interesting, 
however, to calculate the fraction of labelled potassium present in the 
interspace fluid after various times. From experimental values of the 
constants it is found that the mean concentration of labelled ion is 56-86 % 
of the external concentration during many hours. 

When the experiment is conducted by immersing a muscle containing 
labelled potassium (the whole of the muscle potassium at the start can 
then be regarded as labelled) in an unlabelled solution [KJ] the equations 
describing the loss of labelled ion are obtained by the substitution 


[K>] = [K] - [K'], 
so that (7 a) and (8a) become 

[K*~] _ 8 ^ M, exp (a ,() 

[KJ] 


0 + (2 n + 1)*^) (2 n + i)’ 


for t > 500 sec., (76) 


and 

[KB 

'[Kg 


0812 



•X2i exp (— k 2 t) 4 . exp 



+ o-xxxexp( i -|^)]. 

(8 b) 


The Transfer of the Sodium Ion.—Provided that eqn. (2), with the 
proper significance attached to the constants, describes the rate of ex¬ 
change of the “ internal ” sodium it is unnecessary to know its location 
in the cell. It is only in the light of experiment that it is possible to 
suggest a suitable approximation to allow the solution of eqn. (6). An 
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experimental plot of the time-course of the loss of radio-sodium from a 
muscle is shown in Fig. i. The process can be resolved into the sum of 
an exponential with time constant 40-60 min., and a more rapid exchange 
which has the shape of a difiusion curve. It will be recalled that more 
than half the sodium of the muscle is present in the extra-cellular space, 
and it would be expected that this fraction would undergo exchange with 
the external solution by diffusion. 



It appears, then, that the process of diffusion between the inter-spaces 
and the external solution is more rapid than the exchange with the 
“ internal ” sodium. Assume 


7 r*D 
A*/* 




in order to find a< and a a . Then, 


a x ^ — (2 n -f i)* 


77 *£ 

a/* A 2 ’ 


and 


a a ^ — k % . 


Using this approximation the equations relating the mean concentra¬ 
tions of labelled sodium to the external concentration of labelled sodium 
into which the muscle was placed at / = o are 


and 


[Na a ] _ 8 ^ exp (oqf) 

W*t] (2~r+rr 


[Na? J _ ft,r 
[Na;] ft .r 



^2 Y ex P ( a i0 *1 

7 t*B (2 n -f i) 4 J 



where B 3 D/al* A*. 


(9«) 


(10a) 


The root varies with n, but the other is constant. The series 
appearing in (9 a) has been evaluated by Hill 11 for variable Bt (his kt/b l ). 
It is plotted in Fig. 2 on semi-logarithmic paper in order to demonstrate 
that it approximates to an exponential at higher values of Bt, and that 
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the intercept of the exponential on the ordinate axis is at 1/1*235 = o*8i 
of the true initial value. This results if terms other than the first are 
ignored. The series in (10a) differs but little from exp (— 



The quantity actually observed 111 the experiments is a mean of the 
intra- and extra-cellular sodium (when the absorption of the radiation 
used to estimate the content of labelled sodium is a constant fraction, 
see Appendix 2). A sample composed of fraction a by volume of extra¬ 
cellular fluid, and b of internal solution (with which the sodium concen¬ 
tration [NaJ is associated) will undergo the exchange process according 
to a composite equation made up by multiplying (9 a) by a , and (10a) 
by b, and adding, thereby giving (iia), 

«[Na-J + b(. Naf] f k 2 \ 

■'•■'SBa- ( a + b rJ- 


l TT Z 


21 


exp («,/)]■ - ~ exp (- k,t). (11a) 


(2 n + 1) 


The condition, implied in the original approximation, that bk l /7r 2 B should 
be small compared with unity is borne out by experiment (e.g. one value 
found is 0-002). Therefore (11a) is in effect the sum of a diffusion function 

V exp (— (2 n + i) 2 t r'Bt) . - , ... 

y ---2- ' an( i an exponential term, in accordance with 

(2 n + i) 8 1 

the observations. 

When the loss of labelled sodium to an unlabelled solution is followed 
the relation 


[Na»] -f [Na x ] — [Na], __ 

which merely states that the total sodium, irrespective of label, is constant, 
enables appropriate equations to be derived, (11 b) being the composite 
equation corresponding to (it a), 


a[Na x ] + 6[Naf] 
[Naj] 


= 2 ex P M + J- ex P (- *«0. (“» 


The ratio of the sodium which follows the diffusion law to the total 
which undergoes exchange is 

ak t l(bk x 4- ak 2 ), 

provided equilibrium between labelled and unlabelled ions has been 
reached. For a muscle with 0-13 by volume of interspace and k x /k t = 0-15, 
the ratio is 0*565. As the fraction a increases the proportion of diffusion 
law material increases. 
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In order to deduce B = D/al*X* and k t from the results, the graphs 
as exemplified in Fig. i, were treated as follows. The exponential line 
was produced back to the ordinate axis, and its time constant (i/k % ) 
found. The exponential was subtracted from the experimental curve 
and the difference was replotted on an expanded time-scale so that the 
time course of the diffusion process was obtained. The time required 
for diffusion to have reduced the quantity of ion to some fraction of its 
initial value was read off and compared with the value of Brr*t plotted in 
Fig. 2, whence B — D/al* A 2 was evaluated. The thickness l of the specimen 
was sometimes measured directly, but generally use was made of a calibra¬ 
tion established between the muscle weight and the square of the thick¬ 
ness, between which an approximately linear relation exists when the 
muscle length does not vary greatly. The fraction a was deduced from 
the observed ratio of the concentration of labelled sodium following the 
diffusion law to the concentration of labelled sodium in the medium in 
which the muscle had been prepared. The ratio of exchangeable internal 
sodium to external sodium concentration was found by comparing the 
concentration of labelled sodium in the muscle following the exponential 
lavy to the concentration of labelled sodium in the medium. 


Experimental 

All measurements of radio-activity were made using glass Geiger-Mtiller 
tubes constructed in the laboratory, in conjunction with a commercial scaling 
unit. The times at which all readings were taken were noted in order to apply 
correction for the decay of radio-activity. Check assays were made at intervals 
on solutions of known dilution, and corrections for resolving time and background 
activity were made when required. The muscle was tied either round the counter 
tube or on to a glass frame into which the counter could be fitted. In the first 
arrangement only the outer surface of the specimen was exposed to the solution, 
but the frame allowed nearly the whole surface to be exposed. The experi¬ 
ments were conducted by observing the radio-activity of the muscle initially, 
and then immersing it, still tied to the counter, or frame, in the desired solution. 
It was removed at intervals and the radio-activity again measured. When the 
specimen was being soaked in radio-active solution the adhering solution was 
removed before counting by twice dipping into an inactive solution of the same 
strength. This procedure was only applied in the potassium experiments in 
which loss by diffusion from the interspaces is insignificant compared to the 
total potassium in the muscle. Care was necessary to ensure that adsorption 
of radio-active material on the glass did not lead to error. The comparatively 
weak solutions used for the potassium experiments did not give trouble. The 
assay of the radio-activity was usually completed in 2 min. or less, more than 
400 counts being observed so that statistical errors have a probable deviation 
of _L 3 %. At the end of the period of soaking the muscle w ? as dissolved in a 
little acid and after dilution with water the solution was assayed in a counter 
made specially for dealing with a small volume {2 ml.) of liquid. The radio¬ 
activity of the muscle solution was compared with that of a standard made up 
from the original radio-active material in order that the quantity of radio-active 
ion in the muscle at the end of the experiment could be calculated. From that 
figure it was possible to convert to the quantity present at the commencement 
of the experiment by use of the appropriate counting results obtained when the 
muscle w’as intact. 

In order to follow the rapid loss of radio-active sodium which takes place 
in the first to min. of soaking the method was modified, the counter being kept 
in operation continuously while the washing solution was circulated round the 
muscle. 

^ Muscles containing radio-potassium were prepared by injecting 10 mg. active 
KC 1 -f 10 mg. CaCl 2 dissolved in 2 ml. water on the day previous to dissection. 
The calcium chloride appeared to counteract the toxicity of the potassium. 
Muscles containing radio-sodium were made either by injection of 10 mg. NaCl 
in 1 ml. water, or by soaking isolated muscles in Ringer’s solution made up from 
radio-sodium chloride. Some analyses of samples of plasma, erythrocytes and 
muscles were made. For chemical analysis the material was subjected to wet 
oxidation in silica flasks and the methods detailed in the Appendix were applied. 
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Results 


The Effect of Storage of the Muscles. —It has frequently been observed 
that even after the most careful dissection there is a slow loss, or “ leakage ” 
of the potassium of the fibres. 16 This can have a considerable influence upon 
the measured rates of exchange of the potassium ion, for not only is there a move¬ 
ment of potassium ion, but also the concentration of potassium in the inter¬ 
spaces will be increased above the concentration in the external solution. As 
the rate of exchange varies with the potassium concentration a rather com¬ 
plicated situation is set up. It is easy to calculate the distribution of potassium 
concentration in the extra-cellular fluid which results from leakage, the necessary 
equations have been given by Hill (cp. 11 § B, p. 50). If the effective diffusion 
constant of the ion in the interspaces be taken as 3 x 10- 6 cm.*/sec. and the 
rate of leak is 5 % of the internal potassium concentration per hour, say, 
175 /ig. cm.- 3 of tissue (67 % cell fluid) per hour, in absence of loss by diffusion 
this would lead to an increase of the concentration in the interstitial fluid (13 % 
by volume) of 175/0*13 x 3600 ~ 0*375 /xg. cm.- 3 sec.- 1 . Then with a muscle 
o*i cm. thick, exposed on one side only, the concentration of potassium in the 
interstitial fluid at the unexposed side, when loss by diffusion at the exposed 
side is in progress will be 


[K] = 


[K J + j x 


■oi X -375 X -13 
3 X io-« 


“ [K„] + 81 pg. cm.-’, 


where [K 0 ] is the concentration in the external solution. Over the thickness 
of the muscle the mean concentration will be 


[K] - [KJ + i x :SL ~^ - L ‘ = [KJ + 54 Mg - cm ~ 3 

so when in 0*015 % KC1 Ringer’s the mean potassium in the interspaces is over 
1*0 times the external concentration. The loss of potassium from the assembly 
(cells plus interspace fluid) will be equal to the loss from the cells minus the 
increase of potassium in the interspaces, i.e. 175 — (54 x 0*13) 168 /xg. per cm. 3 

tissue per hour, when of thickness o*i cm., with one side exposed. For comparison 
the amount of potassium exchanging per cm. 3 tissue (07 % cells) in 0*015 % 
KC1 Ringer's solution is go jxg./hr. The effect of the potassium leakage is greater 
than would be expected because it is found that the factor A 2 which determines 
the exchange rate is proportional to the potassium concentration in the inter¬ 
spaces, which is, in the first example, over i*6 times the external concentration 
(when in 0*015 % KC1 Ringer’s solution). The internal potassium of a “ leaking " 
muscle will, therefore, exchange at a greater rate than that of one which is not 
leaking. It has been found that fairly consistent results for rate of exchange 
were obtained by avoiding periods of soaking exceeding 4-5 hr., and by not working 
with lower concentrations of potassium chloride than 0*03 % in the Ringer’s 
solution. It is likely that several of the experiments carried out in 0*015 % KC1 
Ringer’s solution have indicated too high a rate of exchange because of the 
presence of leakage. All experiments in which the loss of labelled potassium 
was followed in 0*015 % KO Ringer’s solution gave high values for k 2 . 


TABLE I. — The Uptake of Labelled Sodium during Storage in Ringer’s 

Solution 


Muscle 
wt. (g.) 


Sodium 

Content 

(calc.) 


Radio-Sodium Uptake after 

> 3 hr- 

K Content 
/'g- 






8 min. 

1 hr. 

/*g- 

is? 


Fresh 

Stored 


Sartorius 


58*6 

32*5 

55*5 

55 

8g (17 hr.) 210 

160 

‘*8-3 

23 

29 

33 

51 ( 8 hr.) 140 

110 


Gastrocnemius 


0*22 

128 

64 

110 

114 



0*24 

13 2 

76 

114 

130 



o-34 

192 

g8 

103 

183 



0*18 

172 

(analysis) 

99 

186 

! 
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When a muscle is stored in Ringer’s solution made with labelled NaCl the 
content of labelled sodium becomes nearly constant after an hour, and corresponds 
to what would be expected if all the muscle sodium had exchanged, based on an 
assumed value of o*i8 for a for sartorii and 0*13 for gastrocnemii. If the storage 
is prolonged until an appreciable potassium loss has taken place it is found that 
an additional amount of sodium is absorbed. By comparison of the chemical 
analyses of a pair of muscles, the one taken directly, and the other after long 
storage, the potassium loss could be found, and compared with the increase of 
sodium measured by the radio-activity. The two quantities proved to be nearly 
chemically equivalent. 

The Kinetics of the Loss of Labelled Sodium from Sartorii. —Muscles 
were prepared with a content of labelled sodium and then treated with a solution 
free from radio-active ions. The loss of radio-activity was followed. Observa¬ 
tions making up such an experiment are illustrated in Fig. 1. The values of 
the exchange constants, and of the effective diffusion constant of sodium in the 
interspaces are tabulated in Table II. In order to calculate from k 2 , assuming 
a constant internal sodium concentration, the relation, 

[NaJ Labelled sodium following exponential law x 1*06 

[Na 0 ] ~ Muscle Wt. x Labelled sodium per g. external soln. x W m x (1 — a) 
was used. The factor 1*06 is the ratio of the density of muscle cells to that 
TABLE II. —Summary of Results of Sodium Transfer Measurements 


Temp. 

°C 

7 >/A 2 

cm. 2 /sec. 

a 

[Na<]/[Na.] 

hr.- 1 

*1 

hr.- 1 

Solution used 

(a) Muscles taken 20 hr. after injection of labelled saline. 


17 

2*1 X IO' 6 

0*13 

0*28 

0*26 

o*q 

Ringer's soln. 


17 

1*9 „ 

0*21 

0*28 

0*42 

1 ’54 

+0*022 % KC 1 


17 

2*4 „ 

0*14 

0*14 

0*19 

i *33 

,, t> 


19 

2 7 » 

0*21 

o*j8 

0*20 

i*ii 

,, ,, 

Mean D/X 2 

10 

2*3 ». 

0*13 

0*14 

0*23 

1*62 

,, ,, 

2*64+0*25 

18 

2-8 „ 

o*l 9 

0*15 

0*27 

1*82 

, ,, 

X10-* cm. 2 /sec. 

8 

2*2 ,, 

0*17 

0*20 

0*28 

1*32 

,, M 


18 

3*2 „ 

0-22 

0*20 

o *33 

2*86 

M »> 

Mean 

19 

3*2 „ 

0*29 

0*15 

0*19 

1 *22 

0-015% KC1 

0*26+0*02 hr.- 1 

16 

3’2 „ 

0*21 

0*2 7 

0*25 

0*91 

,, ,, 

Mean a = 0*19 

10 

3*5 » 

0-17 

0*23 

0*22 

°*95 

»» ,, 

Mean 








rNa,]/[Na 0 ] 








• 0*20 

19 

3*5 » 

0*26 

0*19 

0*27 

1*36 

0-045% KOI 


16 

2 *5 M 

0*20 

0*18 

0*14 

0*77 

0*06% KC 1 


17 

2*5 

0*19 

o*i 8 

0*45 

2*50 

0*06% KCI 


16 

Vi „ 

o*i8 

o*n x 2* 

0*15 

o*68 

Ringer's soln.+ 


10 

2*3 »» 

o*n 

0*05 x 2 

0*10 

1*00 

50 % NaCl replaced by 

10 

2 *3 M 

0*12 

0*065 x 2 

0*135 

. 

1*00 


dextrose 

12 

■ 

3*2 „ 

0*21 

0*18 x 4* 

1*0 

1*38 

75 % of NaCl 


12 

2*3 .» 

0*20 

0*085 X 4 

0*42 

1*25 

,, ,, 

,, 

12 

1 *() 

0*10 

0*095 X 4 

0*77 

2*00 

,, 



(b) Muscles prepared by soaking in Ringer's solution made up with labelled NaCl. 


17 

4*0 X io~ 6 

0*20 

0*174 

0*32 

1*82 

Ringer’s soln + 







0*022 % KCI (soaked 1*3 hr.) 

*7 

2*8 „ 

0*13 

0*103 

0*18 

1*76 

0*06 % KCI (soaked i*8hr.) 

17 

2*1 

0*24 

o*i 86 

0*11 

o-6i 

o*o22 % KCI (soaked 2 hr.) 


* The value of the ratio determined by the experiment refers to the con¬ 
ditions under which the musc le was prepared, viz. by being exposed to the labelled 
lymph of the living frog. In order to deduce A. from the k 2 found in the soaking- 
out experiment the ratio referred to the soaKing-out solution must be used, 
which is 2 or 4 times the experimental figures ; provided the internal sodium 
concentration does not change during the experiment. 
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of Ringer's solution (cp. Hill, 14 ) ; W m is the fraction by weight of non-protein 
in the cell material (taken as o*8). For sodium the corrections for water content 
of the plasma and the effect of dissolved protein approximately cancel out. 
The fraction by volume of extra-cellular space a was similarly found from 

Labelled sodium following diffusion law x 1*05 
~ Muscle Wt. x Labelled sodium per g. external soln. * 

The factor 1*05 is the ratio of the density of whole muscle (with approximately 
15 % interspace) to that of Ringer's solution. 

The theoretical equations were developed for a thin sheet of infinite extent. 
No great error is introduced if they are applied to a thin, flat muscle like the 
sartorius. They do not apply to the gastrocnemius, for not only is this muscle 
of circular section, but also its dimensions are such that the rate of diffusion 
is approximately equal to the rate-of permeation. As a consequence the loss pf 
labelled sodium from such a muscle follows a diffusion law, but the additional 
sodium in the cells prolongs the process and makes the apparent “ diffusion 
constant ” considerably lower than the true value. 

■ The following remarks can be made about the preceding results. 

(1) The effective value of the diffusion constant in the interspaces D/A 2 is 
about J of the value of D in free solution. 

(2) Tlie constant /q is not significantly altered by changes of io° C in the 
temperature, nor by changes in the concentration of potassium chloride in the 
Ringer’s solution between 0*015 % and 0*06 %,* 

(3) Substitution of dextrose for up to hall the sodium chloride does not lead 
to a considerable alteration in or h 2 , but when three-quarters is so substituted 
/q is increased if the internal sodium concentration remains constant during 
the experiment. This point could not be checked, so it is possible that the muscles 
lost sodium in this solution. 

(4) Taking a mean fibre diameter of 80 /x the volume/surface ratio is 0*002 cm. 
and k 1 --- /q V j A is 0*00052 cm./hr. for freshly dissected muscles, corresponding 
to a sodium flux of 1*33 /xg. cm.- 2 hr.- 1 . 

The Transfer of the Potassium Ion. —Referring to eqn. (7) and (8) de¬ 
veloped for the potassium ion, it will be seen that the exponents involve both 
diffusion and permeation constants implicitly. No convenient separation into 



Fig. 3. 

" fast " and " slow " fractions takes place. Fig. 3 illustrates some experimental 
results, the fraction of the potassium left unexchanged being plotted against 
time of immersion in Ringer's solutions having various concentrations of KC1. 

* See Note added in proof. 
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In order to deduce k 2 (and from it, k x ) it is necessary to assume a figure for 
D/A*, the effective diffusion constant of potassium in the interspaces. The value 
we have used is 3 X io~« cm. a /sec. rather higher than the sodium ion value, 
because in free solution the potassium ion has a diffusion constant of 16x10*“* 
compared with 11*5 x io“* cm. 2 /sec. for sodium at 18 0 C. 

In Fig. 4 the function 



o’ 121 exp ( — k 2 t) H 



+ 0,111 ex p (?tf)] 


has been plotted for varying k 2 t and r — bk^lW/r^D. If the time required 
for a given fractional exchange of potassium is known and the value of 
7r 2 D/(4)aA 2 / 2 is calculated it is possible to find k 2 by successive approximation, 
a likely value for r being assumed initially, is obtained from A a by use of the 
relation kjk 2 — [A\]/[/v 0 ], which must hold if the internal potassium concen¬ 
tration remains constant during the experiment. 



Fig. 4. 

The experimental figures were used to calculate 1 — [A’fj/fA'J when the 
muscle was exposed to a labelled solution, and [A'*]/[KJ](<-o) when the loss of 
labelled ion from the muscle to the solution was being followed. The resulting 
figures were plotted as exemplified in Fig. 3. From the plots the time for a given 
fractional exchange was found. As there was generally an abrupt change at 
the commencement, probably related to an adsorption effect, the time equal 
2ero intercept of the ratio was used as the initial value rather than the theoretical 
value (unity). When plotting results obtained in the higher strengths of potassium 
it was found convenient to use the root of the time as abscissae, as the fractional 
exchange was found to be linearly related to the root of the time after about 
10 % exchange. Table 111 summarizes the results. The majority were obtained 
by the method of soaking the muscle in labelled solution, as the effect of potassium 
leakage is less than when using the alternative method. The methods are 
distinguished by In and Out respectively. Those runs made with the muscle 
exposed on both sides by use of the frame are distinguished by the word Spaced. 
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TABLE III.— Potassium Ion Transfer 


Solution 

[K ( 1 /[K 0 ] 

Temp. 

0 C 

r 

*1 

hr.-i 

k t 

hr.- 1 

Method 

Notes 

Ringer’s 4* 

62*5 

5 

o-6 

1-7 

0-028 

In 

(1) 

o-oi 5 % 


5 

o -3 

1-2 

0-020 

9 9 


KC 1 


8 

0-6 

2-4 

0-038 

#* 




12 

o-6 

i *7 

0-028 

»» 




16 

o *35 

2-0 

0-032 





*7 

o-6 

1*5 

0-024 

1 1 





Mean 

1*75 

0-028 



Ringer’s 4 

42-8 

5 

o*6 

i-o 

0-023 

In 


0*022 % 


7 

0-7 

1-8 

0*042 

Out 


KC 1 


10 

0-12 

2-0 

0-046 

In 

Spaced 



10 

0-7 

1-8 

0-043 

,, 

U) 



12 

0-7 

1*7 

0-040 

,, 



15 

o *35 

1 *4 

0*032 

,, 




15 

o *55 

i *7 

0-040 






Mean 

1-61 

0-038 



Ringer's -f 

20-8 

5 

0-25 

1*5 

0-071 

In 


0*045 % 


5 

o -3 

2-4 

o-n6 

Out 


KC 1 


8 

o-8 

i *9 

0-002 

s t 




10 

0-15 

1*7 

0*082 

In 

Spaced 



10 

0-15 

1*0 

0*077 

,, 

,, 



12 

o-b 

1*6 

0-078 

,, 




17 

o-6 

1*9 

O-OQI 

99 




l 7 


1*4 

0*070 

» 





Mean 

1*75 

0-085 



Ringer’s -f 

15-65 

8 

o-8 

2-1 

0*134 

In 

(3) 

o-ob % 


10 

o*0 

1*2 

0*078 

Out 

KC1 

i 

17 

o-6 

1*8 

o-l 14 

In 





Mean 

1-70 

0-109 

In 


Ringer's + 

10-4 

5 

o *45 

1-6 

0-156 

Out 


0*09 % 


5 

0-4 

1-6 

0*153 

In 


KC1 


17 

o-6 

1*9 

0*210 






Mean 

1 *(>7 

0*173 

Out 

(4) 

k 2 so 4 

0-855 

17 

0-10 

0*36 

0*41 

n 

(o-oosM)/ 


1 7 

o’M 

0-26 

0-29 

M 


Dextrose 

(0-22M) 


17 

o-io 

0-31 

o *35 



1 


Mean 

0-31 

o *35 



“ 7/2 


Notes. —(1) Two similar sets of figures, one obtained with 0*02 % CaCl a in 
the solution, and the other with 0-04 %. 

(2) Two similar sets of figures, one obtained in usual unbuffered solution, 
and the other with 1 % o-i M phosphate buffer, pH 7. 

(3) Two similar sets of figures, one with 0*02 % CaCl a in the solution, and 
the other with 0-06 %. 

(4) The muscles are reversibly inexcitable in this medium. The figures 
were obtained for comparison with some electrical measurements made by 
I)r. B. Katz. The derivation of otj and a a is less applicable than in other cases 
because ak % jbk % has become comparatively large (0*23), 
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The following points emerge from these figures— 

(1) The exponent k » is a linear function of the potassium ion concentration 
up to the equivalent of 0*09 % KC 1 . On the contrary k x is independent of the 
external solution in the range studied, and is 1*7 hr.- 1 . 

(2) On the basis of a volume/surface ratio of 0*002 cm. the permeability con¬ 
stant — k x V/S comes to 0*0034 cm./hr. In 0*015 % KC 1 Ringer’s solution 
the amount of potassium ion leaving, and entering, the cell per unit area per 
hour is 0*27 /xg., and this amount increases linearly with the external potassium 
concentration up to 0*09 % KC1. 

(3) No systematic temperature effect can be observed as a result of changes 
of temperature * of ro° C. 

(4) Increases of the calcium ion concentration, or presence of phosphate 
buffer do not exert an appreciable influence on the permeability. 

Ion Transfer between Frog Erythrocytes and Plasma.— It was 
thought to be worth comparing muscle cells with some other cells. As the 
experiments furnished samples of erythrocytes which had been soaked in vivo 
in labelled plasma the necessary analyses were made in order to deduce their 
permeability constants. 

Figures have been published by Mullins, Fenn, Noonan and Haege 36 for the 
permeabilities of various erythrocytes to potassium, together with a few results 
for sodium. They made use of an equation similar to (2) and defined their 
permeability constant as 

A*«[K,]iy A, 

\\ and A { being the volume and surface area of the cell, and [KJ its internal 
potassium concentration. We have written k 2 for their k in order to show its 
identity with our k 2 . There are some errors in their equations (ref. 16 , pp. 97, 98), 
Their eqn. (2) should read 


*0 =- a - 


[KJV j 

[KJF. 


(u) 


in which a is the initial specific activity of the external potassium, x 4 is the specific 
activity of the internal potassium, [K 0 ], x 0 and V 0 are respectively the potassium 
concentration, specific activity, and volume of the external solution. When 
the external specific activity varies with time, being related to the gain of labelled 
atoms by the internal medium according to (11) the integral is 


In 


[■ 



[kjkJJ 


-jMJfr 4. tKJl' A 

[K,]V< V + [KJK,/- 


(n) 


TABLE IV.— Exchange between Frog Erythrocytes and Plasma in 
Approximately 20 hr. following Injection of 10 mg. of Labelled 

Alkali Chloride 


Final Specific 
Activity of 
Plasma 

FiualK 
Content of 
Plasma 
(Wig-) 

Final Specific 
Activity of 
Cells 

K Content 
of Cells 

0 ug./g-) 

A, 

(hr.*" 1 ) 

(hr.- 1 ) 

Potassium 






0 *1X0 

\ 4 2(3 

0*007 

2 '59 

0*004 

0*024 

0*037 

602 

0*015 

2*50 

0*028 

0*116 

o*n6 

2 3 2 

0*010 

3'i>7 

0*005 

0*079 

0*040 

350 

0*012 

2*90 

0*018 

0*15 

0*048 

330 

0*012 

1*90 

0*114 

0*081 

Sodium 







Final Na 


Na 




Content 


Content 






(mg./g.) 



0*046 

2800 

0*006 

0*90 

0*007 

0*002 

0*087 

3340 

0*027 

0*90 

0*019 

0*005 

0*078 

1950 

0*028 

0*67 

0*014 

0*009 

0*152 

2230 

0*061 

0*40 

0*020 

0*004 


* See Note added in proof. 
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Proceeding, as did Mullins et al., to the case when the external specific activity 
does not vary, which corresponds to V 0 -* oo, the equation is 



corresponding to our (36). The final equation in the quoted work omitted a, 
which must determine at / = 00. 

The results we obtained for the two alkali metals are tabulated below. They 
show considerable variations of both permeability and alkali metal content, 
this may be a consequence of the gross amount of alkali chloride injected. 

The values of k x and k 2 were obtained from the final activities, no allowance 
being made for the variation during the experiment. In two additional experi¬ 
ments separated erythrocytes were stored for 20 hr. in Ringer’s solution made 
up with labelled sodium chloride. From the measurements of radio-activity, 
and sodium content, the value 0*003 hr.- 1 for k t was obtained. While there are 
insufficient data to establish the point it is likely that, as in the muscle cells, 
the value of k 2 is a function of the external concentration of the ion. Mullins’ 
value of k 2 for potassium was o*oifi hr.- 1 and his [KJ was 2*97 mg./g. He also 
gave some figures for the tell dimensions which make the volume/surface ratio 
4*27 x to -4 cm., from which the permeability constant can be calculated. 

The Results of Changes in the Conditions on the Permeability. —The ex¬ 
periments have usually been confined to the investigation of the results of 
changes in the concentration of potassium or sodium ion, or of the temperature, 
upon the permeability of the muscle. Under given conditions there is a wide 
variation from specimen to specimen, and to establish a correlation a consider¬ 
able number of experiments are required unless the effect is gross. For example, 
changes of temperature of up to io° C were insufficient to give rise to a significant 
variation of the permeability.” 1 

The rate of the potassium exchange was affected in a regular way by the 
concentration of potassium in the external solution, corresponding to a constant 
value of the permeability constant (iq). There was no obvious influence on the 
sodium exchange. Conway ie * 17 contends that an increased potassium con¬ 
centration should reduce the permeability to sodium. Ussing 4 found no such 
influence on the rate of penetration of a frog sartorius. 

The range of variation of the concentrations of the ions making up the 
solution is limited, for on the one hand loss of salts from the muscle takes place, 
and on the other the membrane becomes in excitable. In order to apply the 
simpler equations it is necessary to restrict work to solutions in which the 
muscle maintains a constant concentration of salts and a constant weight. In 
solutions with low KC 1 content there is a loss of potassium and this may even 
take place in 0*015 % KC 1 Ringer's solution. 18 In K-free Ringer's solution, 
Stanton 19 found the loss to be 3 % of the total potassium in J hr. It was 
unaffected by pH between 6 and 8. We have also observed that the potassium 
permeability is unaffected by pH in the range 5-7. Many of the muscles become 
inexcitable in Ringer’s solution with 0*06 % KCl, though excitability is restored 
by washing in normal Ringer’s solution. 

In order to vary the concentration of sodium it was necessary to maintain 
osmotic equilibrium by adding e.g. dextrose. Thus, the chloride concentration 
was subject to simultaneous variation. When more than half the sodium chloride 
was replaced, the muscle became reversibly inexcitable, and the membrane 
permeability (#q) to sodium increased or loss of internal sodium took place. 

The influence of narcotics on permeability has been discussed by Danielli 
and Davson. 20 There are very few figures relating the permeability to the 
concentration of narcotic. An important qualitative result due to Davson is 
that some substances reduce the rate of penetration of sodium and increase the 
rate for potassium. Observations made on the plasma potassium level in vivo 
may probably be related to a shift in the steady state conditions of potassium 
in certain cells. Keys in 1938 confirmed that adrenaline injection brings about 
a rise in plasma potassium in the case of cats, dogs, and rabbits, although it 
had an opposed result in human beings. If the injected substance causes a 
change in the ratio of kjk 2 (or there will be a change in the ratio of 

* See Note added in proof. 

18 Conway, Irish J. Med. Science, 1947 (Oct.-Nov.). 

17 Conway and Hingerty, Biochem. J ., 1948, 42, 372. 

18 Horton, J. Physiol., 1930. 70, 389. 

19 Stanton, J. Gen. Physiol., 1923, 5, 461. 

20 Danielli and Davson, The Permeability of Natural Membranes (1944). 
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[KJ/[K 0 ]. Following the loss or inactivation of the substance the ratios will 
return to normal. The technique described here could be used to investigate 
the effects of such substances on isolated tissues. 

Although calcium is supposed to have a specific effect on muscle, it was not 
found that changes in the concentration of CaCl 2 between 0*02 and o*o6 % gave 
rise to significant alteration of the potassium permeability. 

The Specific Activities of Muscles and Plasma. —The specific activity 
of the plasma measured at the end of the period following injection is not ac¬ 
curate for the calculation of the kinetics of penetration of ions in vivo because 
there is a continuous loss of labelled ion going on all the time. After 20 hr. 
it was frequently found that the muscle specific activity exceeded that of the 
plasma. This comes about because the muscle specific activity is a time integral 
of the product of the instantaneous rate of penetration and the concentration 
of labelled material in the surrounding medium. The latter is falling continu¬ 
ously so the muscle activity will pass through a maximum value at some time 
following injection and will not be simply related to the final value of the plasma 
activity. The figures quoted below do not, therefore, prove that the muscle 
sodium and potassium are fully exchangeable. 

TABLE V.—Comparison of Specific Activities at 20 hr. after Injection 
of 10 mg. K* or Na* Chloride 


Sodium 

Potassium 

Muscle 

Plasma 

Muscle 

Plasma 

o* 18 1 

0*197 

0*118 

0*1 10 

0*084 

0*078 

0*078 

0*043 

0*176 

0*17 

0*08 

o*it6 

0*247 

0*299 

0*107 

0*04 

0*08 

0*078 

0*126 

0*048 

°*34 

0*30 

0*077 

0*08 

0*136 

0*152 

0*12 

0*08 

0*10 

0*146 

~ 



Sodium Activity in the Potassium Samples. —One explanation offered 
for the failure to reach equilibrium between the specific activities of muscle and 
plasma potassium in Hevesy’s experiments has been that there might be radio¬ 
sodium contamination of his potassium. In the experiments described here 
the presence of radio-sodium would only interfere in the “ soaking-in " experi¬ 
ments, as the organism itself effects a purification of the potassium when a 
labelled muscle is prepared. In order to decide whether any important amount 
of sodium activity was associated with our potassium samples, some were dis¬ 
solved, inactive sodium chloride added and the potassium precipitated as 
perchlorate which was reconverted to chloride. No significant loss of specific 
activity was found. In the samples prepared by bombardment of chlorides 
an appreciable radio-phosphate activity is found, amounting to 0*05 % of the 
total activity on the day following receipt of the sample. 

The Equilibration between Extra-Cellular Potassium and External 
Potassium. —It is of interest to calculate the degree of exchange between 
the extra-cellular potassium and that in the external solution. The rate of 
exchange is considerably less than would be found if the ions had only to pass 
round impermeable obstacles because the concentration is controlled in part 
by the large reserve amount of potassium present in the cells. Taking as one 
example the case of an ordinary muscle put at time zero into a labelled Ringer’s 
solution containing 0*015 % KC 1 eqn. (7) is applied, using the figures from Table 

2*25 hr.- 1 — 6*25 x 10- 4 sec.- 1 , bk 1 — 4*2 x io~ 4 sec.- 1 . 
k 2 0*036 hr.- 1 = 10 x 1 o-® sec.- 1 . 

An average sartorius has = o-oi cm. 2 , so tt 2 D /A 8 / 2 = 2 X io~ 3 sec.- 1 (for 
the muscle exposed both sides). The roots a x and <x t are multivalued, but for 
t > too sec. we need take only the first value of oq and the first two of a a , i.e. 

oq (n — o) — i*i x 10- 2 sec.- 1 , a 2 (n = o) 0*83 X 10- 5 sec.- 1 
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The fracti >n of the extra-cellular potassium which has undergone exchange after 
various times is— 

/ (sec.) 100 400 1,000 10,000 

[K]/[K 0 ] 0*637 o*86x 0*862 0*944 

A similar calculation for 0*06 % KC 1 in the Ringer’s solution provides the follow¬ 
ing figures— 

t (sec.) 100 400 1,000 10,000 

[1\]/[K 0 ] 0*531 0*560 0*568 0*650 

Thus the labelled potassium in the extra-cellular fluid is far from reaching the 
concentration of labelled ion in the external solution even after some consider¬ 
able time, and that the concentration of labelled potassium after 400 sec. im¬ 
mersion is nearly equal to that present in the interspaces for a further tw*o 
hours. The term in exp (a x f) describes the course of the initial rush of labelled 
ions into the extra-cellular spaces, afterwards a slow increase proceeds, limited 
by the rate of exchange of the potassium in the fibres. The initial phase is over 
in less than 400 sec. 


Discussion 

The sodium exchange measurements made in vitro have provided 
information about the difiusibility of the ion round the fibres making up 
the muscle, and also about the rate of penetration of the fibres. The dif¬ 
fusion constant is reduced from the free solution value (11*5 x io -6 cm. 2 /sec.) 
to a mean value of about a J of this. If the ions had to traverse the 
semi-circumferences of a number of cylinders on their way between the 
outside and the interior of the muscle bundle they would cover a distance 
w/:2 times the measured distance, so the value of / 2 used in the calculation 
of D should be increased in the ratio xr a /4 to the measured value. This 
would raise our mean value of D to 6*5 x io~ 6 cm. a /sec., about half the 
free solution value. It is unfortunate that it is not possible to measure 
the value of I) for the potassium ion owing to its rapid exchange with the 
intra-cellular potassium. 

TABLE VI --('ell Permeability Figures 


Ion 

Cell 

*i, cm./br. 

Original Source 

Na 

Frog muscle 

5*2 X IO“ 4 

This paper 

Na 

Rat muscle 

13*8 X io 1 

Ileppel (K deprived rats) 

Na 

Cat erythrocyte 

5 X IO- 8 

Mullins, Fenn, Noonan and Haege 

Na 

Dog erythrocyte 

14 X 10- 0 

Cohn and Cohn 

Na 

Frog erythrocyte 

2 X IO" 6 

This paper 

Iv 

Frog muscle 

3*4X10 3 

This paper 

K 

Rat muscle 

5 >' 

Noonan, Fenn and Haege 

K 

Rat muscle 

1*0 — 5 x io~ 2 

Hahn and Ilevesy 

K 

Rabbit muscle 

3*2 XIO- 3 

Hahn and Hevesy 

K 

Frog erythrocyte 

4 X io- & 

This paper 

K 

Frog erythrocyte 

9 X io -6 

Mullins, Fenn, Noonan and Haege 


The permeability measurements lead to the conclusion that the 
“ permeability constant " obtained by multiplying k 2 oi eqn. (2 a) or (26) 
by the volume/surface ratio is not independent of the external concentra¬ 
tion. On the other hand k x (in eqn. (2)) is found to be constant as is implied 
in the formulation, as long as the internal concentration of the ion remains 
constant. Following Conway, the most useful figure to quote is the pro¬ 
duct k x x . (volume/surface). The use of a mean volume/surface ratio is 
liable to lead to difficulties, because in muscles the fibre diameters have 
such a wide range of values. The mean value should take account of 
the distribution of the volume/surface ratios in relation to the volume of 
the muscle. 
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The results we have obtained in vitro indicate how necessary it is to 
allow for the limiting effect of diffusion when trying to study cell per¬ 
meability, unless single cells can be used. The relative importance of 
diffusion in vivo will depend on the blood supply brought by the capillaries. 
Fenn, Noonan, and Haege in their experiments on potassium exchange 
concluded that blood supply influences the rate of exchange, for stimulation 
of an isolated muscle did not affect the exchange rate, whilst stimulation 
in vivo did so. Similarly, Hahn and Hevesy found the exchange acceler¬ 
ated when their rats were made to swim. We may compare the figures 
collected by Krogh from a number of sources for permeability measured 
in vivo (with no allowance made for diffusion), with our results. For 
this purpose we have recalculated to — k x volume/surface, keeping the 
units cm. per hour (Conway, 16 (Table IX) does not state the units of P 0 , 
which is our kj). 

The final figure is doubtful as wc had to assume that the plasma 
potassium of the frogs was about equal to the concentration we found 
in ours. 

Measurements made in vivo, in which no correction for the delaying 
effect of diffusion have been made, provide values of higher than we find 
in vitro . Unfortunately, they refer to different animals, so it is not 
possible to estimate the influence which diffusion plays in vivo. The 
increased rate of exchange which has been observed to result from in¬ 
creased blood circulation is likely to be related to a reduction of the dif¬ 
fusion path by the opening up of more capillaries. If l be reduced two¬ 
fold, the number r is reduced. In a small muscle this will lead to a re¬ 
duction of the time for 50 % potassium exchange by a factor of about 30 %. 

The combined diffusion-permeation process must come into play when¬ 
ever one has to deal with an exchange taking place between an assembly 
of cells and their surroundings. Measurements of diffusion constant and 
permeability have to be considered in this light. For example, Stella 21 
found the “ diffusion constant ” for phosphate in muscle to have value 
o*8 x io" 7 cm. 2 /sec. He considered the possibility of phosphate entering 
the cells, but concluded that the important part of the process was occurring 
in the interspaces. It is now known that phosphate exchanges with intra¬ 
cellular phosphate, and becomes incorporated in organic compounds in 
the cells, so the uptake of phosphate is a complex process. The diffusion 
constant of phosphate ions in the interspaces in a preliminary experiment 
has been found to be 2 x io -6 cm. 2 /sec. and Stella’s low figure is a result 
of loss of phosphate from the interspaces to the cells, which retards the 
attainment of equilibrium between solution and interspaces. 

We are indebted to Prof. A. V. Hill for having made this work possible, 
and for his constant advice ; and to Dr. B. Katz for help, particularly 
with the method of dissection. The isotopes were obtained from the 
Atomic Energy Research Establishment; we must express our appreciation 
of the arrangements made to provide a continuous supply of these short¬ 
lived materials. The expenses of this research have been borne in part 
by a grant from the Government Grants Committee of the Royal Society 
to one of us (E. J. H.). 

Appendix I. Method of Analysis 

The residue from the acid digestion was evaporated to dryness in a silica 
beaker to remove all acid. Following this, alternative procedures were applied. 
Quantities of up to about 0-2 mg. of potassium were estimated by a method de¬ 
scribed to us by Dr. Davson, using sodium cobaltinitrite. The residue was 
taken up in 1 ml. water, 1 ml. 20 % sodium acetate and 2 ml. 20 % sodium 
cobaltinitrite in N/10 acetic acid added. After standing overnight the pre¬ 
cipitate was collected in a small Gooch crucible using well-oxidized asbestos. 
The solid potassium cobaltinitrite was washed with 10 ml. N/10 acetic acid, 

21 Stella, J. Physiol., 1928, 66, 12. 
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using four portions of 2*5 ml. The crucible was then transferred to a boiling 
tube to which was added 2 ml. 25 % H 2 S 0 4 and 2 ml. N/50 permanganate and 
the precipitate stirred into the liquid. The contents of the boiling tube were 
brought, gently, nearly to the boil, then 1 ml. N/50 oxalic acid was added and 
the excess oxalic acid was titrated with N/50 permanganate. A series of calibra¬ 
tions was carried out on known potassium solutions. 

Sodium was estimated by a modification of Salit's 28 method, using zinc 
uranyl acetate. It was found that treatment with calcium oxide did not remove 
all the phosphate in the samples and this was confirmed using radio-active phos¬ 
phate. As a result the figures obtained are liable to be too high when phosphate 
is present. It was also observed that the ethyl alcohol used to reduce the solu¬ 
bility of the precipitate reacts with the reagent forming acetaldehyde. No 
difficulty was experienced when dealing with plasma samples, on account of their 
low phosphate content. Various procedures using either a zinc or magnesium 
reagent to remove the phosphate have been tried, but a reliable method has not 
yet been evolved. 

Appendix II. The Error Introduced by the Absorption of Radiation in 
the Thickness of the Specimen 

The assay of the radio-activity of the specimens of muscle relies upon the 
ionization produced in the Geiger counter by the /b and y-radiation emitted 
from the radio-active atoms distributed in the material. In their passage through 
the specimen the particles are absorbed, 
and some reduction of the intensity of 
the radiation takes place. An error will 
be introduced it the measured radio¬ 
activity corresponding to one distribu¬ 
tion of radio-active atoms be compared 
with that given by some other dis¬ 
tribution, be< ause the absorption will 
weight the result in favour of the 
radio-active atoms nearest to the 
counter. The less the change in the 
distribution during the experiment, and 
the less the absorption loss the lower 
will be the error. If the muscle be 
exposed both sides the error due to 
absorption will be less than when one 
surface is in contact with the counter ; 
accordingly, calculations of the in¬ 
fluence of absorption on the observed 
mean radio-activity have only been 
carried out for the latter case. 

It was first necessary to measure 
the fractional transmission of the 
detected radiation through various 
thicknesses of a medium similar to 
tissue. For this purpose sheets of moist 
filter paper were used, about 75 % of 
the mass being water. Fig. 5 shows the fractional transmission of the radiation 
from sodium, and potassium, through various thicknesses of material measured 
in mg. cm.- 2 , as it is the mass of matter rather than its nature which is important 
for j8-particle absorption. 

Considering the case of a muscle o*i cm. thick, exposed to the solution only 
on the side remote from the counter ; it is found that the absorption reduces 
the detected radiation from a uniform distribution of potassium to 0*878 of the 
no-absorption value. Now, after the experiment has been in progress for a time, 
more potassium will have been lost from the external surface than from the 
interior. Using eqn. (5) to calculate the concentration at the inner surface at 
k t t = 0*2 and for r = 1 (an average muscle) the fraction unexchanged is 0*916 ; 
from eqn. (8b) the mean fraction unexchanged is 0*891, and from eqn. (3 b) the 
fraction unexchanged at the outer surface is 0*819. From the three figures an 
otherwise arbitrary distribution was constructed, and multiplied by the fractional 
transmission values appropriate to the various thicknesses. The mean value 
of the resulting curve was 0*7855 of the initial no-absorption value, and the 

22 Salit, J. Biol. Chem., 1932, 96, 659. 
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fractional decrease of labelled ion content which will be observed is 

o* 7 8 55 /o- 87 8 =* °* 8 95 > 
instead of the true value 0*891. 

It would be anticipated that the error will be greater when observing the 
sodium ion, for not only is the absorption greater, but in addition the distribution 
passes through a phase when it is less uniform. During the first few minutes of 
the experiment the sodium in the interspaces is exchanging with that in the 
solution, and that at the inner surface may not have exchanged at all, while 
the outer has exchanged all its extra-cellular ions. The situation is improved, 
however, by the presence of the less exchangeable " internal ” sodium, which 
makes up, say, 50 % of the total. The boundary conditions are then at inner 
surface, no exchange, at outer surface, 50 % exchange. From (11&) at t = 30 sec. 
mean fraction unexchanged 0*887. Constructing a distribution to fit these values, 
having in fact no exchange over 55 % of the total thickness, and multiplying 
by the sodium absorption values the mean level measured comes to 0*643 of 
the initial value in absence of absorption. The initial value, which is uniform, 
is reduced by absorption to 0*701, so the fractional diminution of labelled ion 
which is observed at the end of 30 sec. is 0*643/0*701 — 0*918, instead of the 
true value 0*887. Thus the apparent exchange (8*2 %) in the first few minutes 
is only about 80 % of the true figure (11*3 %). When the loss of extra-cellular 
sodium is completed the distribution becomes uniform again, and there is no 
error introduced by absorption. 

In view of the variation from specimen to specimen it was not considered 
worth applying corrections to the observed figures. 

Note added in proof .—Further experiments, which will be reported later, 
indicate that the lempeiature coefficient of the potassium transfer process is about 
2*1 per 18 0 C. and of the sodium transfer process about 2*5 per 18 0 C. 

Biophysics Research Unit, 

University College, London . 


THE ACTION OF COLLOIDAL ELECTROLYTES ON 
BACTERIA, WITH PARTICULAR REFERENCE TO 
SOAPS AND SOAP-PHENOL MIXTURES 

PART V.—THE EFFECT OF ADDITIVES KNOWN TO INFLUENCE 
SURFACE ACTIVITY 

By Anne Agar and A. E. Alexander 
Received 16 th November, 1948 

The work described here is an extension of earlier studies of the bacterio¬ 
logical activity of soap-phenol mixtures and its interpretation in terms of physico¬ 
chemical factors, of which surface activity and micelle formation were shown 
to be of great importance. 

In the present investigation a variety of soaps (anionic, cationic and non- 
lome) have been studied, both alone and in admixture with the following sub¬ 
stances ; inorganic salts, chloroform, pentachlorcthane, phenol, tribromphenol 
and hexyl resorcinol. The bacteriostatic and bactericidal activities of the 
mixtures were measured and compared with the changes in physico-chemical 
properties, particularly the surface activity as measured by the depressant 
power upon surface or interfacial tension. The results obtained fit in well with 
the general picture presented earlier. 


In earlier papers of this series it was shown how certain bacteriological 
responses, particularly rates of killing, in mixed soap and soap-phenol 
systems, appeared to be related to changes in adsorption and could readily 
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be explained in terms of accepted colloid-chemical concepts (Alexander 
et al. 1 ). The present investigation concerns the effect of a number of 
additives known to influence the surface activity (as measured by the 
power of lowering the surface, or interfacial, tension) of these systems and 
of other soap-drug combinations. Changes in surface activity are com¬ 
pared with changes in bactericidal and bacteriostatic activity and the 
results so found fit in well with the general picture presented earlier. 
(See also Trim and Alexander. 2 ) 

Experimental 

Materials. —The soaps employed fall into three types, anionic (Aerosol OT 
and Aerosol MA, referred to as AOT and AMA respectively), cationic (cetyl 
pyridinium bromide (CPB)), and non-ionic or neutral (cetyl alcohol condensed 
with ethylene oxide, molar ratio ca. 1/30, ref. no. €99408 from I.C.I. Ltd., 
Dyestuffs Division, Blackley). The chloroform, pentachlorethane, hexyl re¬ 
sorcinol and phenol were pure laboratory samples. The tribromphenol was pre¬ 
pared by brominating phenol. 

Biological Tests. —For studying bacteriostatic action a 1 % peptone medium 
was employed, the extent of growth being observed visually after 24 and 48 
hr. incubation. All solutions were adjusted to pH 7 before mixing. If necessary, 
sub-cultures were made into another tube of peptone water to confirm growth. 
Bactericidal activity was assessed by means ol the modified Rideal-Walker tech¬ 
nique, or by viable counts, as used in Part III of this series. 

Measurement of Surface Activity. —As in our earlier work the inter¬ 
facial tension against medicinal paraffin was measured by means of a micro¬ 
meter syringe. These measurements also enabled the critical concentration 
for micelle formation to be determined. 

Results and Discussion 

For convenience the experimental results are sub-divided into a number 
of sections according to the principal systems studied. 

(a) Anionic Soaps and Salts.— Addition of inorganic salts to soap 
solutions, provided this does not cause precipitation by chemical reaction 
or by physical “ salting-out ”, increases the surface activity of the mixture 
and lowers the critical concentration for micelle formation. In accord 
with the Schulze-Hardy rule the effect is greatly influenced by the 
valency of the ion with opposite charge to that on the organic soap ion, 
e.g. on a molar basis CaCl 2 has much more influence than NaCl upon anionic 
soaps, and Na a S 0 4 much more than NaCl upon the cationic type. Fig. 1 
shows some typical results. 

Bacteriostatic tests were carried out using B. Coli and Staph . aureus 
as test organisms, AMA and AOT as anionic soaps, and NaCl and CaCl 2 
as added salts. B. Coli is rather too insensitive to anionic soaps to be 
really suitable, but a typical result with AMA after 24 hr. is shown in 
Table I. 


TABLE I.— Bacteriostatic Effect of AMA, Alone and in the Presence 
of Salts, upon B. Coli 


Concentration AMA (%) 

1-25 

1*0 

0-63 

0*50 

0-32 

0*25 

0*16 

0*12 

AMA alone 

4 - 

4 - 

+ 

4 - 

4 

4 - I 

4 - 

4 * 

AMA + 1 % NaCl . 

— 

— 

-■ 

+ 

+ 

4- 

4 * 

+ 

AMA -j- o*i % CaCl 8 





4 - 

+ 

4 - 

4 - 


(4- growth of B. Coli after 24 hr. incubation.) 


1 Alexander et al., 1948 (in press) (Symposium on Recent Advances in Surface 
Chemistry, held at Bordeaux, October, 1947). 

2 Trim and Alexander, 1948 (in press) (Soc. Expt. Biol., Symposium on Selective 
Toxicity and Antibiotics, held at Edinburgh, July, 1948). 
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Table II shows some typical results with Staph, aureus , which is much 
more sensitive to soaps. 


TABLE II. — Bacteriostatic Effect of AOT, Alone and in the Presence 
of Salts, upon Staph, aureus 


Concentration AOT (%) 

0*125 

0*063 

0*032 

0*016 

0*008 

0*004 

0 

AOT alone (24 hr.) 

_ 

_ 

_ 

_ 

± 

! 

4 - 

4 - 

(48 hr.) . 

— 

— 

do 

± 

4 - 

4 - 

+ 

AOT + 1 % NaCl (24 hr.) . 

_ 

_ 

_ 

_ 

— 

± 

4 - 

(48 hr.) . 

~ 



do 

± 

4 - 

4 - 


Addition of salts thus lowers the limiting bacteriostatic concentration, 
so that these results on bacteriostasis fall into line with those on bacteri¬ 
cidal activity obtained by other workers (e.g. Hill and Hunter *), and with 
the increased surface activity as shown by Fig. i. 



Fig. i.-—T he interfacial tension, against medicinal paraffin, of the anionic soap 
Aerosol MA, alone and in the presence of added salts. All solutions contain 

o*54 % phenol. 

(fc) Soaps and Phenols.—In our previous study of soap-phenol 
systems and B. Coli an anionic soap was used so as to avoid complications 
due to the toxicity of the soap itself. With the cationic soaps, which 
are themselves very toxic, low concentrations in admixture with phenols 
lead to a pronounced synergism, as shown below. Only dilute solutions 

3 lliU and Hunter, Nature, 1946, 158, 585. 
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have been studied since the possibility of obtaining detoxication of the 
phenol when micelles are present is here obscured by the toxicity of the 
soap. 

Table III shows a typical bactericidal test, using £. Coli and the 
modified Rideal-Walker technique, for the cationic soap CPB (0 001 %>. 
alone and in the presence of 0*5 % phenol or 0*015 % hexyl resorcinol 
(HR). As will be seen, the mixtures are very much more toxic than either 
component alone. 


TABLE III 

B. Coli , Rideal-Walker Test 


Concentrations of CPB, phenol and hexyl resorcinol (HR), o*ooi %, 0*5 % 
and 0*015 % respectively 


me (min.) 

Phenol alone 

HR alone 

CPB alone 

Phenol + CPB 

HR + CPB 

5 

+ 

+ 

4 - 


+ 

10 

+ 

+ 


— 


20 

+ 

4 - 

+ 

_ 

_ 

30 

+ 

4 ~ 

4 - 

| _ 

_ 

40 

+ 

4 - 

4 - 

_ 

_ 

ho 

+ 

-f 

4 - 

_ 

_ 

120 

+ 

— 

4 - 

_ 

_ 

180 

4 ~ 

__ 


_ 

_ 

240 

4 - 

— 

_ 

_ 


360 

4 - 

1 

— 

— 

- 


In view of their apparent potency it was felt worth while to test these 
mixtures against the very resistant organism B. pyocyaneus. Table IV 
shows that similar results were obtained. (HR concentration 0 02 % 
and not 0*015 % as above.) Table IV also includes data using the same 

TABLE IV 

B. Pyocyaneus, Rideal-Walker Test 

Concentrations of CPB, AMA, phenol and hexyl resorcinol, o*ooi %, 1 %, 
o- 5 % and 0*02% respectively 


Time (min.) 

Phenol 

alone 

HR 

alone 

CPB 

alone 

AMA 

alone 

Phenol 
+ CPB 

HR 

+ CPB 

Phenol 
+ AMA 


4 - 

4 - 

4 - 

4 - 




5 

4 - 

4 - 

4 ' 

4 - 

_ 

_ 

_ 

10 

4 - 

4 - 

+ 

4 - 

__ 

_ 

_ 

20 

4 " 

+ 

— 

4 - 

— 

_ 

_ 

40 

+ 

+ 

+ 

4 


_ 

_ 

60 

4 * 

4 * 


4 - 

__ 

— 

_ 

90 

+ 

4- 

4 - 

4 - 

_ 

— 

_ 

120 

— 

4- 

4 - 

4 

_ 

_ 

_ 

180 

-* 

4- 


4 - 

— 

— 

_ 

240 



“ 

4 - 

— 

— 

— 


test organism with phenol (0*5 %), in the presence of the anionic soap 
AMA, used at its critical concentration (< ca . 1 %) where its synergistic 
effect is at a maximum. As will be seen, this mixture is as toxic as that 
with the cationic soap. Since anionic soaps are much less readily de¬ 
toxicated by proteins, serum, etc., such mixtures may be of practical 
interest. 
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The question of the effect of soaps upon insoluble antiseptics is of 
some importance, particularly in elucidating certain problems associated 
with permeability and drug action (see section ( d ) and also Trim and 
Alexander 2 ). 

Tribromphenol was chosen as a suitable water-insoluble phenol; 
B. Coli grew quite freely in a nutrient medium saturated with it. Satur¬ 
ated solutions in various concentrations of the anionic soap AMA were 
prepared and examined for bacteriostatic and bactericidal activities, 
with the results shown in Table V. 

TABLE V 


(a) Bacteriostatic effect of AMA saturated with tribromphenol upon B. Coli 


Concentration 
AMA (%) 

| 4 

3 

2*5 

2*0 

i*5 

x*o 

o*75 

o. 5 

0-25 

AMA alone . 
AMA -f- tri- 


- 

+ 

'b 

H- 

+ 

+ 

+ 

4~ 

bromphenol 

— 

— 

~ 

— 

— 

+ j 

+ 

+ 

-1- 


(4- - growth of B. Coli after 48 hr. incubation.) 


(h) Bactericidal effect of AMA saturated with tribromphenol upon B. Coli 


Concentra- 


1 


1 


1 

1 

tion AM A 

4 

2 

1 

o -5 

0*25 

0 

(%) 







Time (min.) 







I 

— 

~ 

— 

— 

+ 

4 - 

3 

— 

— 

— 

— 

— ; 

4- 

5 

— 

— 

— 

— 

— 

4 - 

10 

— 

— 

— 

— 

4 - 

4 - 

20 

— 

— 

— 

— 

+ 

-h 

40 

— 

- 

— 

— 

| 4 - 

4 - 

00 

— 

— 

— 

— 

b 

+ 

120 

— 

— 

— 

— 

— 

4 - 

1 80 

— 

— 

— 

— 

— 

-i- 

24O 






— 


Some variation in the bactericidal results was found, due it is believed, 
to difficulties in obtaining saturated solutions, but the marked increase 
in activity when soap micelles are present was always observed. This 
increase may be due either to an increased rate of transport of the drug 
to the bacterial surface, or to the soap modifying the surface layer of the 
bacterium and so allowing the phenol to enter more readily. It seems 
probable that both factors would be involved although the former would 
appear to be the more important since B. Coli will tolerate such high 
soap concentrations. 

(r) The Effect of Salts upon Soap-Phenol Mixtures.—As pointed 
out in (a) above, salts increase the surface activity of soap solu¬ 
tions. It was therefore thought desirable to see if addition of salts to 
soap-plienol mixtures increased their bactericidal activity. Tables VI 
and VII show some typical results obtained on adding respectively 1 % 
NaCl and o-i % CaCl 8 to 0-54 % phenol-AM A mixtures. The surface 
activity of the mixtures is shown in Fig. 1. 

In agreement with expectation both salts increase the bactericidal 
activity of the soap-phenol mixture, and CaCl a is much more effective 
than NaCl when compared on a molar basis. 
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AM A, o*54 % phenol 


AMA, o-54 % phenol + i % NaCl 


% AMA 

3 

2 

1 

o-75 

1 

°' 5 

0*25 

0 

3 

2 

1 

075 

°‘5 

0-25 

0 

Time (min.) 

H 

4* 

4 

_ 

4 I 

+ 

4 

4 

4 

4 

_ 

4 

4 

4 

4 

5 

4 

4 

— 

-I 1 

4 

4 

4 

4 

— 

— 

— 

-1 

— 

4 

IO 

4 

4 

— 

1 

4 

4 

-I 


— 

— 

— 

— 

— 

H 

20 

4 

— 

-* 

1- 

4 

4 

4 

— 

— 

— 

— 

— 

4 

4 

40 

4 

— 

— 

— 

4 

\ 

4 

— 

— 

— 

_ 

— 

__ 

4 

60 

4 

— 

- 

— 

— 

4 

-1 

- 



— 

— 

_ 

4 

90 

4 

— 

— 

-- 

— 

4 

4 

— 

— 

— 

— 

— 

— 

4 

120 

4 

— 

; — 

— 

— 

4 

4 

— 1 

— 

— 

— 

— 

— 

4. 

240 

4 


“ ! 




4 


4 

1 


— 

— 

4 


TABLE VII. — B. Coli, Rideal-Walkf.r Test 



(d) Soaps and Non-surface active Antiseptics (CHC1 3 and C 2 HC 1 6 )._ 

For comparison with the surface-active phenolic type of antiseptic, 
chloroform and pentachlorethane were chosen as typical lipoid-soluble 
substances practically devoid of surface activity. Such comparisons, 
particularly as concerns soap effects, are of great importance in elucidating 
the mechanism of drug penetration. (See Trim and Alexander. 2 ) 

Some typical Rideal-Walker tests using chloroform in the presence 
of anionic, cationic and non-ionic soaps are shown in Tables VIII and 
IX.—(Test organism, B. Coli.) 


TABLE VIII. —Anionic Soaps, B . Coli, Rideal-Walker Test 
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TABLE IX 

Cationic and Non-Ionic Soaps, B. Coli, Rideal-Walker Test 


o*3 % CHC.I3 ; o-ooi % CRB ; 5 % C99408 (non-ionic soap) 


Time (min.) 

CHCI3 alone 

CPB alone 

C99408 alone 

CHCh+CPB 

CHCh + C99408 

24 

4 - 

4 

4 - 

_ 

-1- 

5 

4- 

4 

4- 

<+) 

4 - 

10 

_j_ 

4- 

4 - 

~ 

4 - 

20 

4 - 

+ 

+ 

— 

4 - 

40 

— 

4- 

+ 

— 

+ 

bo 

— 

4 - 

+ 

— 

-h 

90 

~ 

4 - 

4 - 

— 

4 - 

120 

— 

4 - 

4 - 

—- 

I- 

180 

— 

— 

4 - 

— 

— 

240 

__ 

— 

4 - 

— 



With the anionic soaps we notice an activation up to the micelle point 
and a detoxication when micelles are present, just as with the phenols. 
(Critical concentrations ca. i*i % for AMA, ca. o-i % for AOT.) On 
the other hand, at the concentrations used the cationic soap is seen to 
give an activation, the non-ionic one a marked inhibition. Since micelles 
are present in the latter case, but not in the former, such behaviour is 
to be expected on the general theory presented earlier. 

Pentachlorethane, unlike chloroform, is so insoluble in water that 
its saturated solution (provided suspended droplets are removed) is 
without effect upon B. Coli. In the presence of soap micelles its solu¬ 
bility increases and the activity of such saturated systems was examined. 
Table X presents the results for AMA and for the non-ionic soap C99408, 
using B. Coli and the Rideal-Walker technique. Essentially the same 
behaviour was observed with B. pyocyaneus. 

TABLE X 

B. Coli, Rideal-Walker Test 


(a) AMA saturated with CHC 1 S 

(b) C99408 saturated with C2HCI;, 

% AMA 

40 

1*0 

0 

% C99408 

I 5 -o 

0-25 

0 

Time (nun.) 




Time (min.) 




14 

— 

— 

4 - 

1 

1- 

4 - 

4 - 

3 

— 

— 

4 - 

5 



4 * 

6 

— 

— 

4 * 

10 


4 ' 

4 - 

10 


— 

4 - 

20 

— 

4 - 

4 - 

20 


— 

4 - 

40 

— 

4 - 

4 - 

40 

-- 

— 

4 

60 

— 


4 - 

60 

— 

— 

4 

120 

— 

4 


120 

-- 

— 

+ 

180 

- 

4 - 

-t' 

180 


— 

4 - 

240 

— 

— 

f 

360 

~ 

— 

4 - 

360 

~ 

— 

4 ~ 


The biological activity is seen to be greatly increased when soap 
micelles are present, although the thermodynamic activity of the penta- 
ghlorethane is not affected, since the solution exists in equilibrium with 
the pure liquid in all cases. This indicates that in these systems diffusion 
to the bacterial surface is the process which determines the overall 
biological response. 
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(e) Ionized Soaps in the Presence of Non-Ionic Soaps.—Unlike 
ionized soaps those of the non-ionic type appear to exert no retarding; 
influence upon bacterial growth. (The difference may be due to the 
lower surface activity of the latter, although adequate data to test this 
are lacking.) It would thus be anticipated that, when present in the 
micellar state, the non-ionic type would be able to detoxicate ionized 
soaps by adsorbing them on to their micellar surfaces. This theory 
was tested by examining the bacteriostatic activity of AOT and CPB 
(anionic and cationic respectively), in the presence and absence of the 
non-ionic soap C99408. 

TABLE XI 


(a) Bacteriostatic effect of AOT in presence of non-ionic soap C99408 


% AOT 

; 

0*25 

0*125 

0-063 

0*031 

0*015 

o*oo8 

0.004 

0*002 

0 

AOT 5 % C9Q408 

_ 

. 

4 - 

4 - 

1 

-I' 

+ 

4 - 

4 - 

4 - 

4 - 

AOT 4 2-5 % C99408 . 

— 


4 - 

+ 

4 ~ 

4- 

4 ~ 

4 - 

4 - 

AOT 4- 1% €99408 

— 

— 

— 

4 - 

4 * 

4 - 

4 - 

4 - 

+ 

AOT -}- 0*25 % C99408 

— 

- 

— 

— 

— 

+ 

4 - 

4 - 

4 - 

AOT alone . 



~ 


■ 

~ 


4 - 

4 - 


(b) Bacteriostatic effect of CPB in presence of non-ionic soap C99408 


% CPD 

! 0*2 

0*1 

0-075 

0*05 

0*025 

o-oi 

0*005 

0*001 

CPJ 3 f 5 %Oi9408 . 


4 - 

4 - 

4 - 

4 - 

4 - 

4 - 

4 ” 

CPB f 2-5 % C99408 

— 


— 

4 - 

+ 

4 - 

+ 

+ 

CPB f j % €99408 . 

— 

__ 

— 

+ 

4 - 

4 - 

+ 

+ 

CPB 4 - o-* 5 % €99408 1 

— 

— 

— 


4 - 

4 - 

+ 

4 - 

CPB alone 


— 

— 

— 

4 - 

4 - 

+ 

+ 


(4 - growth of Staph, aureus in 1 % peptone after 48 hr. incubation.) 


Table XI shows that, as the concentration of the non-ionic soap in¬ 
creases, so does the concentration of ionized soap necessary to inhibit 
growth, the effect being particularly clear with AOT. 



Fig. 2.—The interfacial tension, against medicinal paraffin, of the non-ionic 
soap 099408, alone and in the presence of 0*25 % Aerosol OT. 
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Fig. 2 gives the interfacial activity, against medicinal paraffin at 
25 0 C, of the non-ionic soap alone and in the presence of 0*25 % AOT. 
The former shows that micelles commence to form around 0*2 %, the 
latter that AOT is being taken up by the micelles. At 5 % C99408, 
the interfacial tension is seen to be almost back to its value in the absence 
of AOT, showing that under such conditions the concentration of un¬ 
bound AOT in the solution is quite small, in agreement with the bacteriolo¬ 
gical findings. 

(/) The Effect of Serum.—As is well known, the presence of serum 
markedly reduces the activity of most bactericidal agents. The effect 
is particularly noticeable with the cationic soaps, due to their ready 
precipitation by the oppositely charged protein molecules. A number 
of the soap-antiseptic mixtures tested above were also examined in the 
presence of serum (1/1 by volume), using the Rideal-Walker technique. 
As expected the presence of serum greatly reduced the bactericidal 
activity, the reduction being least in the case of AMA, C 2 HC1 6 , and AMA- 
tribroinphenol mixtures. Some typical results with B. Coli are shown 
in Table XII. 

TABLE XII 

B. Coli, Rideal-Wai.kkr Test 


(a) AMA saturated with C^HC 1 5 


Serum absent 


Serum present 


Compare Table XII ( b) with Table V (b). 


% AMA 

2-5 

- .. 

1-0 

1 - 

2-5 

1*0 

2-5 

1*0 

0 

Time (min.) 

1 

j 

_ 

-1- 

4 - 

4 - 

4 - 

4 - 

5 


— 

+ 

+ 

— 

+ 

4 - 

10 

— 

— 

1- 

1 +- 

— 

4 - 

4 - 

20 


_ 

+ 

+ 

— 

4 - 

4 ~ 

40 


— 

— 

4- 

- 

4 - 

H- 

60 

— 

— 

— 

4 - 

— 

4 - 

T 

120 

— 

— 


+ 

— 

4 - 

4 - 

240 

— 


— 

4 - 

— 

+ 

+ 

3 bo 



1 

4 - 


4 - 

4 - 


( b ) AMA saturated with 
tnbromphenol 


Serum present 


Conclusions.—The results obtained here, covering a wide range of soap- 
drug systems, are in good agreement with the general picture advanced 
in our earlier papers. The two factors of surface activity and of micelle 
formation are clearly of particular importance. Further work is in 
progress to examine in more detail the way in which drugs are adsorbed 
by, and then penetrate inside, the bacterial ceil. 
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to Dr. M. A. Phillips for the cetyl pyridinium bromide, to I.C.I. Ltd. 
for the neutral detergents and to the Director and staff of the Public 
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media. Mr. G. Stainsby kindly prepared the tribromphenol and gave 
valuable assistance with the interfacial tension measurements. 

This work was made possible by a grant from the Medical Research 
Council, to whom our thanks are due. 
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THE OXIDATION OF HYDROCARBONS 

OBSERVATIONS ON THE HIGH-TEMPERATURE REACTION 


By M. F. R. Mulcahy 
Received 18 th November, 1948 

The rates of oxidation of several substances containing 3 carbon atoms per 
molecule have been measured under comparable conditions over a range of tem¬ 
perature. The differences in reaction rate observed in the low-temperature 
range (< ~ 300° C) largely disappear in the high-temperature range (> ^400 °C). 
Other evidence that the marked structural sensitivity characteristic of the low- 
temperature oxidation is absent in the high-temperature reaction is reviewed. 

As it is improbable that the high-temperature reaction is peroxidic in char¬ 
acter, the absence of a large iniluence of hydrocarbon structure on the rate of 
the high-temperature reaction supports the view that in the low-temperature 
region the structural effect is associated with the nature of the peroxide taking 
part in the reaction. 


The slow combustion of a hydrocarbon may proceed by one or other 
of two mechanisms according to the temperature. At pressures in the 
region of atmospheric, the “ low-temperature ” mechanism is operative 
up to about 300° C, but above about 400° C, the “ high-temperature ” 
mechanism becomes predominant. The intermediate temperature range 
is characterized by a slackening in the reaction rate which, with increasing 
temperature, may pass through a maximum before increasing again. 

The kinetics of both high- and low-temperature reactions are complex ; 
in each there is an induction period followed by acceleration to a maximum 
rate. However, the detailed kinetic properties of the reaction in the two 
temperature ranges differ in a number of ways. 1-7 For example, the 
maximum rate is strongly dependent on the oxygen concentration in the 
high range but practically independent of it in the low range. 1 ’ 7 - 2 

A remarkable feature of the low-temperature oxidation is the large 
effect of the structure of the hydrocarbon molecule on the rate of re¬ 
action. The rate increases very strongly with increasing chain length 
of the hydrocarbon but is depressed by branching of the hydrocarbon 
chain. 2 4 * * It is also sensitive to the presence and position of a substituent 
in the molecule. 8 

It is generally recognized that in the low-temperature mechanism, 
peroxides play an essential part and that their formation and subsequent 
decomposition in large measure govern the course of the reaction. 
Recently Hinshelwood and Cullis 2 have shown that a number of the 
kinetic peculiarities of the low-temperature reaction may be accounted 
for on the assumption that the reaction rate depends on the rate of 

1 Pease, /. Amer. Chem, Soc., 1938, 60, 2244. 

2 Cullis, Hinshelwood, Mulcahy and Partington, Faraday Soc. Discussion , 

1947, 2, in. 3 Prettre, Bull . Soc. chim., 1932, (4) 51, 1132. 

4 Idem , Compt. rend., 1936, 203, 561. 

6 Idem , Acta Physicochim., 1938, 9, 581. 

• Aivazov and Neumann, ibid., 193b. 4 t 575 - 

7 Day and Pease, J. Amer. Chem. Soc., 1941, 63, 912. 

8 Cullis, Hinshelwood and Mulcahy, Proc. Roy. Soc. A, 1949, 196, 160. 
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breakdown of peroxide (ROOR or ROOH) by fission at the O—O bond 
to give two radicals (RO, and OR or OH). And they suggested that the 
extreme sensitivity of the reaction rate to the structure of the hydrocarbon 
(RH) may be correlated with the effect of the structure of R on the 
strength of the neighbouring O—O bond. 8 * 8 

In this paper it is proposed to examine to what extent the structure 
sensitivity is present in the high-temperature mechanism. Attention 
is devoted to derivatives of propane with which hydrocarbon it appears 
most convenient to carry out rate measurements over a large temperature 
range. 

The experimental procedure was similar to that followed in previous 
investigations in this laboratory . 8 - 9 

Results 

The effect of substituents on the maximum rate (p mftx .) of reaction (as measured 
by the rate of pressure rise dp/dl) at low temperature may be illustrated by com¬ 
parison of the rates obtained with the 3-carbon molecules in Table I. The figures 
refer to experiments with 30 mm. of each substance (separately) and 250 mm. 
oxygen in the same reaction vessel at 298° C.* The effect of a hydroxy group 
is particularly noteworthy : substituted in the end position it causes about a 
3-fold increase in rate, but in the middle position it depresses the rate to about 
1 /30 that of propane or less.f 

TABLE I 


Compound 

Structure 

Pmax. mm./min. 

n-Propyl chloride. 

C_C_C_C 1 

28 

*z-Propyl alcohol . 

C—C—C—OH 

72 

Propylene .... 

c—c=c 

3-2 

Propane .... 

c-c—c 

2*6 

iso-Propyl alcohol 

c—c-c 

1 

> 0-09 


1 

OH 



In view of the complex rate-temperature relationship which is known to exist 
with propane, it is of interest to examine the relative rates of oxidation of the 
substances over a range of temperature. It was possible to do this with all 
except w-propyl chloride which gave rise to a cool flame at about 295 0 C. Fig. 1 
shows the effect of temperature on the maximum rates of 30 mm. “ hydro¬ 
carbon ”-*250 mm. oxygen mixtures and includes .some results obtained with 
acetone. 

The change in mechanism, most obvious with propane, is also apparent in 
the propylene and ti-propyl alcohol curves. The behaviour of iso-propyl alcohol 
is somewhat different, the curve becomes linear below about 425 0 and continues 
in this fashion at least down to 325 0 C.} 

However, the most interesting aspect of Fig. 1 is the fact that the differences 
in rate observed at low temperatures (Table I) tend to disappear at high tem- 

• Mulcahy, Trans. Faraday Soc. (to be published). 

* The figures were obtained by interpolation or extrapolation from the curves 
of Fig. 1. The propane at the lowest temperatures contained 1 % added acet¬ 
aldehyde which reduced the induction period but very probably made little 
difference to the rate. 8 

t The effect of a Cl atom is similar ; the oxidation rate of the iso-chloro com¬ 
pound could not be determined because it undergoes oxygen-catalyzed pyrolysis 
rather than oxidation,* However, there is no doubt that its rate of oxidation 
under the above conditions is less than that of propane. 

X It is possible that iso-propyl alcohol at the lower temperatures undergoes 
oxygen catalyzed pyrolysis rather than oxidation (cf. iso-propyl chloride *). 
For this reason the rate is given as an upper limit in Table I. The lower (linear) 
part of the iso-propyl alcohol curve is not shown in Fig. 1. 
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peratures. For example, at 298° there is a 30-fold difference between the rates 
of propane and iso-propyl alcohol, but above 440° the rates of both substances 
are the same. Similarly, at 298° w-propyl alcohol reacts 2*2 times faster than 
propylene, but above 380° the rates are almost the same, the difference being 
of the order of the experimental error. Unfortunately, because of the high re¬ 
action rates it was not possible to make measurements with the latter two sub¬ 
stances at temperatures higher than those given, but it appears probable from 
Fig. 1 that if measurements could be made at a sufficiently high temperature, 



Fig. 1.—The influence of temperature on the maximum oxidation rates of 
30 mm. w-propyl chloride, M-propyl alcohol, propylene, propane, iso-propyl alcohol 
and acetone with 250 mm. oxygen (log 10 pmax. as ordinate against i/T). 

little difference would be found in the oxidation rates of propane, propylene, 
n - and iso-propyl alcohols. 

It appears that acetone oxidizes more slowly than these substances at high 
temperatures, but again the difference in rate from that of propane, propylene 
or n-propyl alcohol is evidently much greater at low temperatures (cf. Maccormac 
and Townend 10 who have shown that acetone is very unreactive below about 
350°). 


Discussion 

There is evidence that the contrast between the low-temperature 
and high-temperature comparative oxidation rates of related compounds 
is a general phenomenon. The effect is discernible in the experiments 
of Townend and others on the ignition characteristics of a number of com¬ 
pounds.* For example, the ignition curves for corresponding mixtures 
of ethane, ethyl alcohol and acetaldehyde with air obtained by Kane, 

10 Maccormac and Townend, /. Chem . Soc. 1938, 238. 

* The minimum pressure under which ignition occurs in a mixture 01 hydro¬ 
carbon and oxygen under specified conditions of concentration and temperature 
is a rough measure of the “ oxidizability " of the hydrocarbon and, in fact, the 
relative ease of ignition of a substance runs approximately parallel to its rate 
of reaction. 
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Chamberlain and Townend 11 show that, whereas in the low-temperature 
range (200-300°) the minimum ignition pressures are widely different, 
in the high'-temperature range, above ~ 400°, the differences are very 
much less marked. Moreover, the curves draw continually closer to¬ 
gether with increasing temperature. The comparative behaviour of 
propane, w-propyl alcohol and propionaldehyde, of butane and isobutane 11 
and even of w-hexane and cyclohexane 12 and cyclohexene 18 is similar. 
It is also evident 12 that the effect of the length of the hydrocarbon chain 
on the rate of oxidation is very much reduced in the high-temperature 
range.* 

The effect of structural factors on the rate of reaction is clearly much 
more marked at low than at high temperatures. It is unlikely that the 
high-temperature reaction is peroxidic in character and there can be little 
doubt that the slackening in rate of the low-temperature reaction with 
increasing temperature above 300° is connected with the gradual dis¬ 
appearance of peroxides from the reaction mechanism. This may be 
due either to decomposition of the peroxide giving products which do 
not participate further in the main reaction or, more probably, to peroxide 
not being formed because of a decomposition in an earlier step in the 
mechanism. In either case, the fact that a large influence of hydrocarbon 
structure is not found with the high-temperature reaction is evidence for 
the view that in the low-temperature region the structural effect is associ¬ 
ated with the nature of the peroxide taking part in the reaction. 

It seems most likely that the high-temperature reaction proceeds 
via less complex intermediates and involves radicals of simpler type— 
simple alkyl radicals, oxygen atoms, hydroxyl radicals and the like— 
which are produced less readily at low temperatures. Indeed, in its 
more-than-linear dependence on both hydrocarbon and oxygen con¬ 
centrations, the reaction is reminiscent of the hydrogen-oxygen reaction. 
However, its auto-catalytic character indicates the presence of a fairly 
stable intermediate in the mechanism. This may possibly be a lower 
aldehyde, perhaps formaldehyde (cf. Norrish and Foord, 11 Norrish, 16 
Walsh 18 ). 

Another factor which may be of some importance in determining 
the kinetic properties of the high-temperature reaction is the increased 
probability at high temperatures of the initial attack on the hydrocarbon 
molecule occurring at the end of the chain, i.e. at a CH 3 group. At low 
temperatures, attack apparently occurs mainly at CH and CH 2 groups, 17 - 8 
a fact which may be correlated with the superior C—H bond strength 
within the CH 3 group. ia - 10 The exceptional inertness of methane, ethane 
and acetone towards oxidation at low temperatures is thus, at least in 
some measure, accounted for. Presumably with these substances under 
ordinary conditions, the rate of initiation of the oxidation only becomes 
appreciable at temperatures at which peroxides are no longer formed 
or stable and consequently the reaction proceeds by the high-temperature 
mechanism. Molecules containing (paraffinic) CH or CH 2 groups may 
still be attacked mainly at these groups at high temperatures, but as 
the temperature is increased, attack on the methyl groups will make an 

* Cf. also the experiments of Burgoyne, Tang and Newitt 13 from which the 
effect may be seen to be present with various alkyl-substituted benzene derivatives. 

11 Kane, Chamberlain and Townend, ibid., 1937, 43b- 

12 Townend, Chem. Rev., 1937, 21, 259. 

< 3 Burgoyne, Tang and Newitt, Proc. Roy. Soc. A, 1940, 174, 379. 

14 Norrish and Foord, ibid., 1936, 157, 503. 

15 Norrish, Colloque sur la cinctique des reactions de combustion en phase 
gazeusc (Paris, 1V48). 

16 Walsh, Tranl, Faraday Soc., 1947, 43, 305. 

17 Idem, ibid., 294b, 42, 269. 

18 Smith and Ta^Jor, ]. Chem. Physics, 1939, 7, 390. 

19 HinsheLwood, J . '^hem. Soc., 1948, 531. 
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increasingly important contribution to the rate of initiation. This may 
be of some consequence for the subsequent reaction steps, since the de¬ 
gradation products which follow end-attack may be expected to be 
different from those resulting from attack in a more central part of the 
molecule. 

The best thanks of the author are due to Prof. Sir Cyril Hinshelwood, 
F.R.S., for his advice and interest in this work. The author is a member 
of the staff of the Division of Tribophysics of the Council for Scientific 
and Industrial Research, Australia. 

Physical Chemistry Laboratory, 

South Parks Road, 

Oxford. 


ACTIVE METHYL RADICALS IN THE PHOTOLYSIS 
OF DIMETHYL MERCURY* 

By M. K. Phibbs and B. de B. Dakwent 
Received 30th November, 1948 


The effect of temperature on the photolysis of dimethyl mercury in the presence 
of hydrogen has been re-investigated. Particular attention has been paid to 
the low-temperature reaction and to the effect of inert gas on the temperature 
coefficient of the rate of formation of methane. The results indicate that the 
methyl radicals produced photochemically possess considerable energy carried 
over from the initial split. 


The photochemical decomposition of organic compounds has been 
used as a method of producing free radicals for the study of the reactions 
of those radicals with various substances. Thus Taylor and his students 1 
have measured the activation energies of the kinetically important re¬ 
actions of methyl radicals with hydrogen and various hydrocarbons 
by studying the effect of temperature on the rate of formation of methane 
when dimethyl mercury was decomposed photochemically in the presence 
of large excesses of hydrogen or hydrocarbons. 

In general, if the energy per quantum of the light used is greater than 
that necessary to break the bond of the parent molecule, thus producing 
the free radicals, the excess energy would be expected to be present in 
the dissociation fragments, thus leading to the production of active 
radicals with energy greater than the thermal value. Cunningham and 
Taylor used A ~ 2550 A with energy of about 100 kcal./einstein ; the 
Hg—C bond strength is probably only about 34 keal./mole.f The 
dynamics of the system Hg -f 2CH3 (treated as rigid bodies) show that 

* Contribution No. 1930 from the National Research Council, Ottawa, Canada. 

1 (a) Cunningham and Taylor, J. Chem . Physics, 1938, 6, 359 ; (6) Smith 
and Taylor, ibid., 1939, 7, 390. 

t The combined energies of the two Hg—C bonds in dimethyl mercury may 
be shown, by thermochemical considerations (Bichowsky and Rossini, Thermo¬ 
chemistry of Chemical Substances (Reinholds, N.Y., 1936), assuming the strength 
of the C—C bond in ethane to be 86 keal., to be about 34 keal. Sidgwick and 
Springall (Nature, 1945, 156, 599) have calculated the strength of the second 
Hg—C bond in dimethyl mercury to be 4*0 or 15*5 kcal./mole, depending on the 
value adopted for the heat of atomization of carbon. Since there is some un¬ 
certainty attached to this figure, we have assumed the strength of the second 
Hg—C bond to be zero and that of the first to be 34 kcal./mole. The actual 
value adopted will have little effect on our conclusions. 

19* 
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about 90 % of the 66 kcal. excess energy will be located in the methyl 
radicals. Thus it would be expected that the primary act should lead to 
the production either of one CH 3 with about 60 kcal./mole excess energy 
and one “ thermal " CH 3 or to two CH 3 ’s each with about 30 kcal./mole 
in excess of the value corresponding to the temperature. 

The excess energy present in the radicals produced in the initial photo¬ 
chemical act (photo-radicals) should be a function of the energy (wave 
length) of the exciting light. Consequently the work of Cunningham 
and Taylor has been repeated using the narrow cadmium singlet line at 
A = 2288 A to obtain some information about the nature of these photo¬ 
methyl radicals, and the effect of adding an inert gas (C 0 2 ) to deactivate 
excited radicals has been investigated. 

Experimental 

Dimethyl mercury was prepared by the method of Gilman and Brown.* 
It was dried with fused calcium chloride and stored in a glass bulb connected 
to the apparatus through a mercury cut-off. The hydrogen was taken from a 
cylinder of electrolytic gas and purified by passage through a hot palladium tube. 
Carbon dioxide was taken from a cylinder filled by the Carbonate Company 
Limited, Montreal ; it was stated to be 99*5 % pure and was dried by passage 
over phosphorus pentoxide, freed from permanent gases by prolonged evacuation 
at liquid-air temperature and stored in a large bulb. 

The apparatus was similar to that used by Cunningham and Taylor. 1 The 
reac tion celt was a quartz cylinder 10 cm. long with plane quartz windows ; the 
volume was about 245 cm. 3 . Mercury cut-offs were used throughout because 
of the high solubility of dimethyl mercury in stopcock grease. A cylindrical 
furnace was used for high temperatures (25 0 to 250° C) and a water thermostat 
for experiments between o° and 30° C. In all cases the temperature was con¬ 
trolled manually to within i° C and the temperature variation along the cell 
did not exceed 3 0 C. The light source was a cadmium-neon discharge lamp 
which had strong lines at 2288 A and 3261A with only very weak lines between. 
'Hie lamp was run at 280° C on 1x0 mA from a Jefferson sign transformer. 

The procedure adopted was essentially the same as that used by Cunningham 
and Taylor. 1 Mercury dimethyl was introduced to the appropriate pressure 
(30 mm. Hg) into the cell and then frozen out in a side tube at - 78° C ; carbon 
dioxide, when used, was added next and frozen out in the same side tube at 
— 183° C. The desired pressure of hydrogen was then admitted and the cell 
and side-tube sealed off. The cell and its contents were placed in the furnace 
or thermostat 15 min. before starting the photolysis to allow thermal equilibrium 
to be attained. At the end of the experiment the cell was resealed to the ap¬ 
paratus by means of an internal seal which could be broken by a magnetic 
hammer and most of the hydrogen removed by pumping on a hot palladium tube 
with the cell in liquid air. The methane was rendered free from any residual 
hydrogen, by compressing the gases on to hot copper oxide, and its volume 
measured. Ethane was pumped off with the cell at — 129 ° C and the amount 
measured. 


Results 

The results are given in Table I. The thermal experiments (No. 8, 9 and 13) 
were carried out to obtain correction factors for the effect of the thermal re¬ 
action on the photochemical experiments. Expt. iq affords an additional cor¬ 
rection for the methane produced thermally during the preliminary “ warm-up ” 
period of 13 min. at 250° C ; at lower temperatures this correction was negligible. 
Expt. \-j was carried out with the lamp on but witli a 2-mm. Corex D filter which 
removes completely light of wave length shorter than 2800 A ; the rate of forma¬ 
tion of methane in this experiment is almost identical with that of Expt. 15 in 
which no light was admitted to the cell, showing that the strong line at 2288 A 
is probably the only significantly effective light in these experiments. In Expt. 
22 to 32 inclusive a new lamp of slightly greater intensity was used and the 
results corrected for comparison with preceding runs by the use of a factor 
o*oi4o/o*oi54 0*91 obtained by comparing Expt. 20 and 23. A further cor¬ 
rection for light intensity was necessary in Expt. 30 which was carried out in a 
water thermostat instead of in the furnace ; this factor was 2*67, the average 

a Gilman and Brown, J. Amer. Chem. Soc„ 1930, 52, 3314. 
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TABLE I. —The Photolysis of Dimethyl Mercury in the Presence of 

Hydrogen 

Vol. of cell — 245 cm. 3 . Pressure of Hg(CH 8 ), — 50 mm. Hg. 
Pressure of H 2 — 200 mm. Hg 


Expt. 

No. 

Temp. 

°C 

Time 

(hr.) 

CH4 Producti 

Found 

on (cm.*/br.) 

Corrected 

c,h, 

(cm.*/hr.) 

A. Thermal 

Experiments 




8 

250 

1*0 

2*03 

— 

— 

9 

200 

2*08 

0*258 

— 

0*0065 

15 

150 

2*0 

0*0088 

— 

0*0013 

19a 

250 

(°' 2 5 ) 

0*440 

— 

— 

17 b 

150 1 

2*00 

0*0078 

— 

— 

B* Photochemical Experiments 




11 

15 0 

2*00 

o *339 

0*331 

o *357 

12 

200 

0*50 

1*316 

1*058 

0*372 

13 

250 

o *33 

4*«3 

2*58 

o *435 

M 

102 

o-8 3 

0*074 

0*074 

— 

16 

107 

2*00 

0*085 

0*085 

0*300 

20 

52 

20*00 

0*0140 

0*014 

0*232 

23c 

52 

ti*o8 

0*0154 

0*014 

0*277 

2 yc 

25 

20*75 

0*00883 

0*00801 

0*250 

30 <* 

2 

1 *‘33 

0*00208 

0*00554 

0*103 

31 d 

24 

(>*o 

0*00269 

0*00715 

0*139 

32 d 

50 

3*50 

0*00594 

0*0158 

— 

2.\e 

53 

13*00 

0*0117 

0*0106 

— 

i$e 

26 

21*00 

0*00436 

0*00396 

— 

2(>e 

50 

12* 08 

0*0087 

0*0079 

— 

2je 

51 

13*25 

0*0091 

0*0083 

— 

2»e 

25 

19*00 

0*0040 

0*00365 



(a) Effect of preliminary 15 min. “warm-up" period—o-no cm. 8 /hr. Cli 4 
produced. 

(h) Lamp on—2-mm. Corex D filter. 

(c) New lamp of slightly greater intensity. 

\d) Water thermostat—press. Hg(CIl 3 ) 2 — 20 mm. 

(c) CO 2 added—400 mm. 
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of 2*36 (= 0-0154/0-00594 X 0*91) from Expt. 23 and 32, and 2-98 

( = 0*00883/0*00269 x 0-9 1) from Expt. 22 and 31. These corrections were 
used only for the convenience of obtaining one continuous curve instead of two 
or three widely separated curves for the determinations of activation energy. 
Expt. 24 to 28 inclusive were carried out with 400 mm. C 0 2 as well as the 
50 mm. Hg(CH s )j and 200 mm. lt 2 (except in 30, 31 and 32 in which 20 mm. 
Hg(CH 3 ) 2 were used) to investigate the effect of an inert gas on the reaction 
at low temperatures. 

The effect of temperature on the rate of production of methane and ethane 
is shown in Fig. 1. Satisfactorily straight lines are obtained in the In k — iJT 
plot for ethane (Curve A) and methane (Curve B) between 250° and ioo° C, 
the slopes indicate activation energies of i-o and 9-1 kcal./mole respectively. 
Below ioo° C the curve for methane production deviates considerably and 
apparently continuously from the straight line indicating a decrease in activation 
energy with decrease in temperature. A small (2-0 kcal./mole) but significant 
increase in activation energy is obtained at low temperatures by the addition 
of carbon dioxide (Curve C). 


Discussion 

The activation energy (9*1 kcal./mole) for the production of methane 
above ioo° C agrees well with that found by Cunningham and Taylor 1 
using light of less energy and with the value obtained from purely thermal 
experiments.* The obvious inference is that, above ioo° C, the majority 
of the methyl radicals did not have any energy in excess of the thermal 
value and the experimentally determined activation energy is therefore 
independent of the method by which they are produced. This is in agree¬ 
ment with the following mechanism, similar to that originally proposed 
by Cunningham and Taylor :— 

Hg(CH s ), 4 hv -+ Hg + 2CH 3 . . . (o) 

CH 3 + H 2 -> CH 4 + H . . . . (1) 

H + Hg(CH 3 ) 2 -v CH 4 + CH 3 + Hg . . (2) 

CH 3 + Hg(CH 3 ), - C 2 H fl + CH S + Hg . . (3) 

2CH 3 ( M) -> C a H e ( f M) .... (4) 

which, by the usual stationary state treatment gives 



^[CHJ = 2* |[H j(£)‘.(«) 

where A — Hg(CH 3 ) 2 . At high temperatures, where reactions (1) and 
(2) are rapid, the majority of the methyl radicals will be formed by the 
chain series (1) and (2) and will actually be thermal methyl radicals. 
However, the above mechanism does not explain the decreased value of 
Ej at low temperatures as found in these experiments and which seemed 
to be present in Cunningham and Taylor’s results at low temperatures, 
nor the slight but definite increase in the low temperature value of E x 
by the addition of carbon dioxide. 

If the radicals produced in the initial photochemical act possess excess 
energy the above mechanism may be modified slightly by writing 
equation (o) as 

Hg(CH 3 ) s 4- hv -+ 2CH? 4- Hg . . . (o) 

and adding the reaction, 

CH? 4- H 2 CH 4 + H, . . . . (1*) 

* Steacie, Atomic and Free Radical Reactions (Reinhold Publishing Corp., 
New York, 1946), p. 294. 
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where CHJ represents a methyl radical with excess energy from the 
initial photochemical act. We now have 

^[CH 4 ] = BI a + W . . .(b) 

With the above mechanism B has the value of 4. This is obviously 
wrong since at low temperatures the quantum yield of methane production 
is much less than unity whereas eqn. (ft) demands a minimum value of 4. 
However, if deactivating reactions, such as 

CH? + M ->CH, + M . . . . (5) 

be included, B will involve the ratio of k l !k i which may be very small 
and thus agree with experiment. Eqn. (ft) differs from (a) by the presence 
of the temperature independent term BI a and predicts that, at high tem¬ 
peratures where 

2 *.(l£) 1 [H*] > BI « 

E x will be the same as found for thermal methyl radicals, but at low 
temperatures where 

BI a > 

E x will approach zero as found experimentally.♦ Qualitative support 
for eqn. (6) is obtained by the fact that Cunningham and Taylor, using 
a higher intensity, found that the value of E t started to decrease at a 
higher temperature than in the present investigation which is in agree¬ 
ment with eqn. (ft ). 

More direct evidence in favour of eqn. (ft) is obtained by the increase 
of E x through the addition of carbon dioxide at low temperatures. 
Although a reduction in the rate of formation of methane by addition of 
CO a at any one temperature is partly due to the increase in the frequency 
of three-body collisions, favouring reaction (4), it is unlikely that such a 
process could result in an increased temperature dependence of the rate. 
It is far more likely that the effect of the addition of carbon dioxide is 
due to an increase in the rate of reaction (5), leading to a decreased 
concentration of active methyl radicals and, in effect reducing the value 
of BI a in eqn. (ft). 

Hence the results obtained lead to the belief that the excess energy 
of the initial act, as shown by the dynamics of the system, resides in the 
methyl radicals. The alternative of an electronically excited mercury 
atom is, of course, eliminated by the fact that the lowest (triplet) stale 
lies 112 keal. above the ground state. 

The indications 4 are that reaction (1) has a very low steric factor 
of the order of io~ 4 , and one would expect nearly all the active methyl 
radicals produced in the initial act to lose their excess energy by collision 
before reaction (i 1 ) could occur. However, it has been shown 6 that 
vibrational energy is not readily lost on collision and it is likely that 
the photo-methyl radicals, if vibrationally active, could experience as 
many as io 6 collisions before losing their excess energy. Also the low 
steric factor probably would apply only to reaction (1) and not to (i 1 ), 
since it is probable that a large amount of energy in excess of E x would 
increase the steric factor to approximately unity. 

Division of Chemistry, 

National Research Council, 

Ottawa, Ontario, 

* We have assumed £ 4 to be zero since it is generally accepted that the re¬ 
combination of free radicals does not require any real energy of activation. 

4 (a) Patat, Z. physik. Chetn. B, 1936, 22, 274, 294 ; (ft) Steacie, Darwent 
and Trost, Faraday Soc. Discussions, 1947, 1. 

5 Zener, Physic. Rev., 1931, 37, 556 ; Terenin and Neuman, Acta Physicochim., 
1942, 16, 1. 
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The reaction between NaN 3 and I 2 in aqueous solution with liberation of 
Ng is induced by both Na a S a O a and Na a S 4 O e , and studies of both processes have 
been made over fairly wide ranges of conditions. The induction b> Na a S 4 O a 
which yields H a S0 4 and N a is slow, and kinetic measurements have been made 
by determining the rates of consumption of iodine and of production of N 2 . 
The effect of [I“] on both rates is characterized by a pronounced minimum in 
the region of fl~] — o*oi-o*o2. The results are accounted for in terms of a 
chain mechanism, involving the intermediates S 2 0 3 I“ and S a 0 3 N 3 (or S a 0 3 ), 
with different primary steps in the regions of low [I~] and high [ 1 -]. The latter 
correspond to the first steps in reactions which have been found to take place 
in absence of N a , viz. the reaction between S 4 O a " and I 2 in presence of very 
low [I - ] and the reaction between S 4 0 ~~andl“. The former of these has been 
studied kinetically but as yet no mechanism is proposed for it. 

The products of reaction in S 2 0 3 “— 1 2 —N 3 systems include S 4 0 8 H 2 S 0 4 

and N a . The reactions are too fast to follow by ordinary kinetic methods and 
experimental work has been limited to investigation of the over-all stoichio¬ 
metry and of the relation between I 2 consumed to Na 2 S 2 0 3 consumed under a 
variety of conditions. A possible chain mechanism for the reaction is suggested. 
Based on this work an experimental method was evolved by means of which the 
rate of the direct reaction between Na 2 S a 0 3 and 1 2 could be measured in mixtures 
containing excess 1 2 , and a reaction mechanism derived from these data is pro¬ 
posed for the I 2 —S 2 0 3 “ reaction. The mechanism suggested is 

s,cr- + i a s 2 o a i- + 1- 

followed by 

SjOjl” -f SgOj"'" —> SjOj -f- I~. 


Rascliig 1 2 discovered that the addition of small amounts of Na 2 S 8 O a 
(or Na a S) induces a vigorous reaction between I a and NaN 3 in aqueous 
solution, nitrogen being evolved ; in absence of the catalyst no reaction 
between I 2 and NaN 3 can be detected. Though the induced reaction 
has been used as a means of estimating azide and as a sensitive test for the 
detection of various compounds of sulphur, no detailed quantitative study 
of the process appears to have been made, and insufficient data exist 
to throw much light on its mechanism. Published work bearing on these 
induced reactions may be briefly summarized. Raschig carried out a 
few qualitative measurements on the system I a —S a O~“—Nj and showed 
that Ii a S 0 4 is one of the resultants of the reactions which occur. He 
also showed that in the system S a O"~— 1 2 there is formed a catalyst 
whose life under certain conditions can be of the order of minutes. Browne 

1 Raschig, Chem.-Ztg., 1908, 32, 1203. 

2 Raschig, Ber., 1915, 48, 2088. 

54 ^ 
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and Hoel * investigated the reaction between KN 3 and I a induced by CS t 
and concluded that the probable mechanism is : 

KN 8 + CS a KSCSN a 
2KSCSN3 + I a -> (SCSN a )2 + 2KI 
(SCSNj) a + 2KN3 2KSCSN3 + 3N a . 

The mechanism was supported by the preparation and isolation of the 
two intermediates KSCSN 3 and (SCSN 3 ) a , together with the observation 
that the addition of small amounts of either of these two substances to 
a KN 3 —1 2 mixture free from CS 2 results in a vigorous oxidation of the 
azide. Friedman 3 4 5 has studied the reaction between NaN s and I a in¬ 
duced by a number of sulphur-containing compounds, including Na 2 S a Oj. 
By measuring the N 2 evolution from a Barcroft apparatus he determined 
the ratio (U) of moles NaN s decomposed to moles of sulphur compound 
consumed. In general, a very rapid evolution of N 2 occurred in the first 
few minutes, followed by a much slower evolution subsequently. The 
fast reaction was ascribed to the action of the R —SH compound in 
initiating a chain whose chain-breaking process was the conversion of 
the R . SH molecule into the disulphide R—S—S—R ; the much slower 
reaction to a reaction between NaN 3 and I 2 induced by the disulphide. 
Only one experiment with Na 2 S 2 Q 3 was carried out ; the value of U 
obtained for the fast initial reaction under the conditions of this experi¬ 
ment was about 11. Though Raschig, 2 Friedman 4 and Weiss 6 have ad¬ 
vanced mechanisms for the induced reaction in the system I 2 —S a Oj“—N~, 
none is supported by adequate experimental evidence. In the present 
work we have carried out over a fairly wide range of conditions experi¬ 
ments on the reactivity of these systems ; we have further studied the 
analogous system I a —S 4 O a ~~—N; v the direct I a —S 2 0 ~" reaction in absence 
of azide, and the reaction between S 4 0 “~ and I 2 which is found to take 
place at very low concentrations of iodide. By correlation of all the 
data, it has been possible to advance mechanisms, which, though in some 
respects speculative, account satisfactorily for the reactivity of these 
systems. 

Experimental 

System —SjOj - —NJ.—O wing to the great rapidity of the reactions 
in these systems, kinetic methods are not available to follow them ; our work 
has thus been confined to determining the stoichiometry of the reaction and the 
amount of reaction induced by unit amounts of thiosulphate under a variety of 
conditions. The data thus comprise determinations of the ratio R of 
(moles I a consumed)/(moles Na 2 S a G 3 consumed) and quantitative estimation of 
the end-products of the reaction. 

Values of R were determined by running small amounts of thiosulphate 
solution into solutions containing azide and iodine, buffered with acetic acid— 
sodium acetate, and determining the excess iodine by addition of sodium arsemte 
and back-titration with standard iodine. This method is similar to that employed 
in the study of the 1 2 —S a Og ~—NO^ system described in Part I of this series,® 
and, except that the I a —S a O^~—N a system is the more sensitive to variation 
in experimental method, similar remarks in regard to the effect on R of the method 
of adding thiosulphate and of mode of stirring apply to both systems. As 
described in Part 1 , here also in order to obtain comparable and reproducible 
results, a standard procedure was adopted, which consisted in the addition of 
the thiosulphate solution drop by drop at the rate of approximately one drop 
per second into the remainder of the reaction mixture, which was briskly swirled 
by hand during the addition. As the system (either in presence or absence of 
S a O"-) is not light-sensitive, and as the R values are not very temperature- 
dependent, non-thermostatted reaction flasks of clear glass were used, and the 

3 Browne and Hoel, J. Amer. Chcm. Soc ., 1922, 44, 2106. 

4 Friedman, J. prakt. Chem., 1935, * 4 <> (h), 179. 

5 Weiss, Trans. Faraday Soc., 1947, 43, 119. 

6 Griffith and Irving, ibid., 1949, 45, 305. 
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data obtained relate to room temperature, from 17° to 20° C. fig. 1-4 are repre¬ 
sentative of the results obtained. These and other data show that values of Jf 
found range from 0-5 (the limiting value in absence of N s ) to 50, though higher 
values could result bv extending the range of conditions of experiment. They 
increase with increasing [Nr] and with increasing [I*], in each case the increase 
“^ more 'markeV zl low concentrations, ^ increases with decreasing 
concentration of added S,C) 3 ~, the increase being the greater at low [S.Q, ]• 
The effect of variation of [£!,] on R is inappreciable, while, in general, decrease 
of temperature from i«° to 1" C increases /e by about 20 %. Increase in [H+] 
tends to diminish R. As in the presence of sufficient strong mineral acid the 
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Init. [ 27 IJ ™- 0 000250 or 0*000300 

_ [NaAc] 0*01250 0*01538 

[HAc] 000625 0*00769 

[Na a S 3 0 3 ] added = N/io f ooo 


oxidation of azide is completely inhibited, it appears that HN 3 does not react 
with I 8 in the presence of Na a S 8 0 8 and that reaction occurs only with free N 3 
ion. The observed decrease of R with increase of H+ in the range tested in our 
experiments can be ascribed mainly, if not entirely, to the corresponding de¬ 
crease in the effective [N 3 ] due to increase in the ratio [HN 3 ]/[Nj]. It may 
finally be noted here that, as dealt with later, S 4 0 4 “ also catalyzes the reaction 
between NaN s and I 2 , but, compared with the S a 0 3 ~ catalysis, the speed of the 
reaction involving S 4 0 “~ is very small and catalysis by S 4 0 3 ~ can be entirely 
neglected under the conditions of the experiments of this section. 

Quantitative estimation of the end-products showed that the net reactions 
taking place are : 

2Nj+ I 2 -> 3N, + 2I- 
2S a O“- -j- I 2 -> S 4 0-“ -f* 2I- 
S 2 0 3 ” -f 4 I 2 4 - 5H a O -* 2SO-- 4- 10H+ 4 - 81 “ 


f 1 ) 

( 2 ) 

(3) 
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The experiments were carried out by addition of NajS t O # solutions to mixtures 
of known composition of I„ KI, NaN„ and buffer constituents until all the I, 
present had been exactly consumed, followed by analysis of the resulting colour¬ 
less solution and/or by the measurement of N t evolved. S 4 O a ~ was determined 
by the method of Kurtenacker and Goldberg, 7 consisting in the reduction of 
S 4 O a ~ to S,Oa “ by KCN, addition of mineral acid and titration of the S a O a ~ 
with standard I 2 . Unfortunately, for the range of concentrations of S 4 O a ~ 
M/8oo-M/40oo, in which chief interest lies, it was not found possible to obtain 
results with an accuracy better than ± 5 % ; with stronger solutions data of 
reasonable accuracy could be obtained and determinations of S 4 Oj’” were made 
in solutions in which S 4 0 4 ~, as end-product, was present in concentrations 
exceeding M/8oo. Sulphate was determined by precipitation as BaS 0 4 and 
weighing ; to avoid any possible decomposition of tetrathionate the precipitation 



Series 

[Na 8 S*Oa] 

added 

F 

N/10,000 

G 

N /1,000 

H 

N / 200 


In all Series :— 

Init. [271 a j - 0-002780 
Init. [1~] — 0-007500 

Init t NaAc 3 ° ,OI2 5 ° 
[HAc] 0-00625 


was effected in the cold, blank experiments being made to find the best con¬ 
ditions for accurate analyses. Estimations of S 4 0 4 ” and SO;f- in the solutions 
resulting from the running-in of N/50 thiosulphate into various mixtures of the 
other reactants showed that at least 98 % of the S in the - was accounted 
for as S 4 O a ~- and SO^~. In view of the estimated experimental errors in the 
two determinations it is not considered that the remaining 2 % is of significance, 
and the most probable conclusion is that in the induced reaction the only products 
containing S are S 4 0 6 ~“ and S 0 4 "“. This view is supported by the results of 
experiments in which the N, evolved was measured in a nitrometer. Table I 
summarizes the data of some experiments in which thiosulphate was run into the 
reaction mixture of the composition indicated until the iodine was decolorized, 
the evolved N a measured and the S 0 4 ~” in the colourless solution determined. 
In the last two columns are given the percentages of SjOj ~ converted to S 0 4 ~ 
obtained (a) by direct determination of BaS 0 4 and (b) from the amount of N a 

7 Kurtenacker and Goldberg, Z. anal Chem., 1927, 166, 177. 
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evolved assuming that the only net processes occurring are (i), (2) and (3). The 
agreement between the two is regarded as sufficient to justify the assumption 
made. 



o o*j2 0*04 o*o6 o*o8 


Fig. 3 


Series 

Temp. 

Init. [H *-] 

I 

1° C 

1*8 X io~ 6 

J 

Room 

1*8 X io- 6 

K 

1° C 

90*0 X IO“ 6 

L | 

Room 

90*0 X io - 6 


In all Series :— 

Init. [i 7 I 2 ] = 0*00025 
Init. [I~] — 0*0100 
[NajjS a 0 3 added] =*- N/10,000 


Some experiments were also made to determine the increase of acidity of the 
reaction mixture, the stoichiometric relation (3) requiring the formation of 10 
moles of 14 + for each mole of S 2 Oj“ oxidized to sulphate. The results obtained 

TABLE I 


Initial Concentrations 
(g.-molc (or g.-ion)/l.) 

Cone, of 
added 

S 2 Og ~ 
(approx.) 

% s*or- 

converted to 

so* — 

Vh ] 

[I*] 

[N3] 

[NaAc] 

[HAcj 

(») 

(&) 

0*02858 

0*1143 

0*07143 

0*01429 

0*007143 

N/1000 

6o*6 

59-8 

0*02500 

o* 1000 

0*1250 

0*01250 

0*006250 

N/1000 

50*8 

53*7 

0*02858 

0*5714 

0*07143 

0*01429 

0*007143 

N/1000 

50*0 

48*9 

0*02500 

0*5000 

0*1250 

0*01250 

0*006250 

N/1000 

42*5 

41*4 

0*02858 

0*1143 

0*07143 

0*01429 

0*007143 

N/500 

42*1 

42*4 

0*02858 

o*i T43 

0*07143 

0*01429 

0*007143 

N /200 1 

23*5 

25*2 

0*02858 

0*1143 

0*07143 

0*01429 

0*007143 

N/100 

17*0 

18*3 


were only about one-half to three-quarters of the expected values, but the dis¬ 
crepancies are due to loss of the very volatile HNj when the reaction is carried 
out in open flasks or beakers. In a closed apparatus with a trap containing 
NaOH solution through which passed the evolved together with any HN S 
in the gaseous phase, the results found were in reasonable agreement with the 
theoretical values. 
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Series 

Init. 

[NaN a ] 

M 

0-0700 

N 

0*0400 

O 

0-0200 

1’ 

0-0100 

Q 

0-0050 

R 

0-0025 


In all Series :— 

Init. [ 27 I 2 ] “ 0-00025 or 0-00030 

, . [NaAcl o-o r 2 50 o-oi538 

Init. -- -— or - 

[HAC] 0*00625 0-00769 

[Na 2 S 2 O s ] added — N /10,000 


The results of experiments of the type of those in Table 1 are briefly summar¬ 
ized in Table II, in which P is the percentage of the S 2 0 ‘ ~ converted into SO* ~ 
and Q' is the ratio of moles of decomposed to moles of S 2 0 8 “ converted 
into SO^ The table gives the effect of increasing the concentrations of N^, 
I~, 27 I a and S a 0 8 " on these variables. 


TABLE II 



[Nn 

in 

L 2 TI 8 ] 

[s 2 o r“] 

P 

Nearly 

independent 

Nearly 

independent 

Increases 

slightly 

Marked decrease more 
marked at low [S a 0 8 "] 

Q’ 

Increases 

slightly 

Increases 

slightly 

Independent 

Independent 


The Reaction between Na2S2C>3 and I2. —Raschig 8 has shown that a 
solution prepared by adding thiosulphate solution to an excess of a solution of 
iodine (e.g. a mixture of equimolar amounts of I a and Na a S a O s ) retains some 
catalytic activity, as measured by its action when poured into a solution of 
NaN #f for a time of 1-2 min. He suggested that the direct reaction between 
I a and Na a S a 0 8 proceeds via the mechanism : 

S a 0 8 ’ ” + !,-> S a OJ- + I- 
s a o 8 i- + S 4 0 e ~- + 1- 
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and that the catalytic activity of a mixture of I a and Na a S a O a such as the one 
mentioned above is due to the presence of the catalyst S a 0 3 I~, which under 
certain conditions has a detectable life-period, and which, it is presumed, can 
initiate reactions leading to the oxidations of azide. As the mechanism of the 
direct I a —Na 3 S 3 0 3 reaction is of prime importance in formulating a mechanism, 
of the reactions in the system I 3 —S a 0 3 “—N a , we have attempted to obtain 
quantitative data from experiments of the type which Raschig carried out 
qualitatively, i.e. we have carried out determinations of the rate of reaction in 
mixtures of Na 3 S 3 0 3 and excess I 3 . The rate of this direct reaction we have 
found to be strongly accelerated by increase of [I“], but, by working with mixtures 
containing I a and Na 2 S 2 0 8 of initial concentrations of the order of M/2000 and 
KI of initial concentrations of the order M/600-M/150, it has been found possible 
to measure the reaction rate over periods of two hours or more. 

The experiments were made by adding Na a S a O a solution to an excess of an 
I a -KI solution in a thermostatted flask, withdrawing samples from time to time, 
and determining the concentration of “ active " S a Oj“ in each sample. The 
" active " S a Oj", designated by 27 S a 0 3 ”, is defined as the S a 0 3 “ not converted 
into S 4 0 3 “, i.e. it is the sum of the free unchanged S a 0 3 “ together with the 
S a 0 3 — present in the form of some active intermediate, such as, for example, 
the S a C) 3 I“ intermediate postulated by Raschig. The concentration of SS a O a ~ 
in each sample was determined from the extent of reaction, measured in terms 
of consumption of iodine, when the sample was added to a standard “ indicator " 
mixture of I a , KI, NaN s and buffer. Empirically an “ indicator " mixture 
was sought, whose sensitivity (i.e. R value = moles 2 JJ a consumed in the mixture 
per mole of S a O a ~ added) was fairly constant for the range N/4000-N/20,000 
of concentration of added thiosulphate. Such an " indicator " was found in 
a mixture of the composition : 

[XJJ = 0*0250 ; [I-] = 0*125 ; [N 3 ] = 0*125 ; [NaAc] — 0*025 i [HAc]=o*oi25, 
as is shown by the following R values found when 24*75 ml. of solutions of Na 2 S 3 0 3 
of various strengths were run under standardized conditions * into 50 ml. of 
the " indicator." 

Cone, of added Na a S a O s X io 4 2*488 1*986 1*192 0*9930 0*4965 

R . 4 2 * 2 4 4 2 *99 44*51 4 2 * 4 6 44* 6 5 

(Mean R ^ 43*65) 

Thus by running a 24*75 ml. sample of the reacting mixture of Na 2 S 3 0 3 and I a 
into 50 ml. of this “ indicator " under the same standard conditions and deter¬ 
mining the moles iodine consumed ( x ) in the " indicator," we obtain the con¬ 
centration in the sample of “ active " S 2 0 3 “, viz. : 


[rs.oj-]- 


X X IOOO 

2 4*75 X 43*35' 


The data obtained in this way for a typical reaction mixture are shown in 
Table III. 

From this and the other experiments it was found that the decrease in [27S a 0 3 “] 
with time follows a bimolecular course, and bimolecular velocity constants 
A’bi (1. moles- 1 min.- 1 ) were calculated from " point to point " in each experi¬ 
ment. The results are summarized in Table IV. 

The fifth column of Table IV gives the mean values of k^u found in experi¬ 
ments classified into four groups according to ionic strength and temperature. 
Inspection of these values shows that the rate of reaction as given by the 
is strongly accelerated by [I~] and is retarded by [271J. This behaviour can 
be accounted for in terms of Raschig's mechanism slightly modified. We 
postulate the mechanism to be 

s^r + i^w-Fi- .... ( 4 ) 

S a O a I- + S a O a - -> S 4 O e -- -4-1“, • . . (5) 

with (4) a rapidly established equilibrium well over to the right-hand side, and 
(5) rate-determining reaction. On this basis, if k % is the velocity constant 


* 24*75 ml. of the Na a S a O a solution was delivered from a fast-flowing pipette 
(time of delivery 4 sec., with no drainage time) into 50 ml. of the " indicator M 
contained in a 250 ml. Erlenmeyer flask, the flask being briskly swirled by hand 
during the mixing process. Excess of standard As a O a solution was then added 
and the excess back-titrated with standard iodine. 
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of reaction (5), K the equilibrium constant of (4), i.e. K = 
K z the tri-iodide equilibrium constant it follows that 

1*3 J 


[Will 
[s.o 8 -][i j 


and 


d[S 4 Q 6 -1 

dt 


- A a [S a O s Ii[S a 0 3 -j 


k 2 [S 2 Q 3 l-ni-]{K a + [I-]} 
KK 3 [£i 2 ] 


If it be assumed that equilibrium (4) is nearly completely over to the right, then 
[S a 0 3 I-] can be identified with [-ES^a ”] measured during each run. Hence 

, * 2 [^ 0 3 -] 2 [Ii{A' 3 - 4 - [I-]} 


d[S 4 0 6 -] 

(It 


and 


^i[^ a 0 3 “~] 2 - 


[ 1 "]{A 3 + Ll-Jf A A’a 


= const. = k<x (say). 


TABLE III 

f fXljj] -■ 0-0006600 

Temp. 20 0 C Initial concentrations J [ 2 ? 1 -] 0-001667 

Ionic strength (/x) - o-ioo (g.-mole (or g.-ion)/l.) ] [S a 0 3 ~] —0-0003164 

L [NaN0 3 ] - 0-09733 


Time (nun.) 

At 

x x io 4 * 

[X'SjOg ] >. IO* 

j[rs a Ojr x 10 4 

*bl x 10-* 

1*00 

i 

4-00 

2-024 

1-886 

0-267 

2-19 

5*00 

8*oo 

i*737 

1*619 

0-362 

2-22 

13-00 

16-00 

1*349 

1*257 

0-3711 

2-08 

29-00 


0-9504 

0-8859 



61-oo 

32-00 

o*5744 

o*5353 

0-3506 

2*31 


Thus if the experimental values of A&1 are multiplied by the factor 

L^d/P-]{A a + [I-]} (- F), 

the values of the product should be constant. The seventh and eighth columns 
of Table II give the mean concentrations during the runs of [ 27 I a ] and [I~] (cor¬ 
rected for tri-iodide formation using K 3 — 1-20 x 10- 3 at 20° and 1*57 x 10- 3 

* It is to be noted that to obtain values of x it is necessary to know the [S\{\ 
in the sample of reaction mixture. It is, however, not possible to calculate this 
quantity until both the mechanism of the I a —S 2 C 3 “ reaction and the amount 
of S a 0 3 ~ in the sample are known. Hence, to obtain an approximate value 
of the iodine in the sample the assumption was made that the I a —S a Oj~ re¬ 
action had gone to completion. Thus, for the reaction mixture of Table III 
the [ 27 I a ] at completion is given by 0-0006600 — 0-0003164/2 -- 0-0005018 ; 
a 24*75 ml.-sample at completion thus contains 0-1242 x io~ 4 moles l a , and 
this value is used throughout in obtaining x. This procedure, though an ap¬ 
proximation, introduces only a small error, since the consumption of iodine in 
the “ indicator " is large compared with the amount of iodine in the sample. 
In the experiment of Table 111 , by the time the first sample was removed 
[ 27 S a 0 3 -] had fallen from 0-0003164 to 0-0001886 moles/l., that is, during the 
mixing process and the following minute the reaction had proceeded to nearly 
half completion, and after this initial disturbance the comparatively slow rate 
was measurable. An effect of this magnitude—up to two-thirds completion 
of the reaction by the time of taking the first sample—was observed in the 
majority of the experiments, and is discussed later. In the experiment of Table 
III the value of the amount of iodine in the first sample thus cannot differ by 
more than about 0-07 x io* 4 moles from the value 0*1242 x 10- 4 moles cal¬ 
culated on the basis that the reaction had gone to completion. This possible 
error of 0*07 x 10- 4 is an error in the value x = 2-024 X IO ** 4 » *- e - an error of 
about 3*5 % ; the error in succeeding samples is progressively less. 
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TABLE IV 


Temp. = 2o° C (except for Group D) 


Initial concentrations 
(g.-mole (or g.-ion)/l.) 

*bl 

1 

[rs l OT”]m 

[«dm 

[I-]m 

*« 


[«*1 

X IO 4 

C^I-I 

X 10* 

[Sior~] 1 

X IO 4 

| M* 

x 10-2 

X IO 4 

X IO 4 

X I0» 

X IO- 4 

X I0“* 


Group A 
6-51 

1*67 

<M 3 

0*0036 

1*23 

6 * 5 1 

1-67 

3*22 

0*0026 

0*743 

6-51 

1*67 

1*63 

0*0022 

0*606 

3‘ 2 7 

1*67 

1*63 

0*0022 

0-987 

6-04 

6*67 

6*60 

0*0087 

8-55 

6*04 

(>•67 

3*32 

0*0077 

5*32 

6*64 

6*67 

1*65 

0*0072 

3*99 

3*30 

64)7 

3*27 

0*0077 

13*28 

3*30 

(1*67 

1*63 

0-0072 

8*6i 

Group B 
6*55 

1*67 

<>•54 

0*064 

3-63 

6*54 

1-67 

3*29 

0*064 

2*07 

6*34 

1*67 

1*64 

0*064 

i *73 

Cr<>3 

6*67 

64)0 

0*064 

17*57 

(>-(>l 

6*67 

3*32 

0*064 

10*58 

6-63 

6*67 

P65 

0*064 

84)0 

Group C 
6*50 

1-67 

6*32 

O-TOO 

3 ’ 8 i 

6*6o 

1*67 

3*16 

0*100 

2*20 

6*57 

1-67 

1*66 

0*100 

i*8o 

6*0j 

64>7 

6*60 

O* 100 

2 J * 2 2 

6-63 

6*67 

3*32 

OTOO 

14*31 

6*64 

(">•67 

1*65 1 

0*100 

II*78 

Group P 

(Temp 

• - 3 °°) 


6*57 j 

1*67 

6*62 

0*0036 

1*79 

6*57 

6*67 

6*62 

0*0086 

10*02 


1*34 I 

2*63 

! 2*15 

0*449 j 

3*39 

1*53 

4*14 

1*74 

o *599 

4*34 

i*i6 

5 *n 

i *55 

0*730 j 

5*23 

o*g8 

1*96 

1*71 

o- 3 88 

2*92 

I’M 

2*77 

7*09 

0-403 

4*79 

i *33 

4*32 

6*63 

0*442 

4*30 

1*03 

5*30 

6*39 

0*436 

3*90 

0*69 

i *33 

6*88 

0*317 

5*67 

0*77 

2*10 

6*65 

o *347 

4*45 

1*00 

2* 7 8 

2*14 

1*41 j 

6*38 

i*i 7 

4*31 

1*74 

i *74 

7*38 

0*95 

5 * 2.5 

i *54 

2*16 

8*99 

o*86 

2*90 

7*08 

0*870 

7*88 

1*05 

4*45 

! 6*62 

0*908 

6* 06 

0*88 1 

5*37 

6-38 

0*965 

5*79 

1*05 

2*90 

2*11 

1*58 1 

7*10 

1*21 

4*41 

1*72 

1*93 

8*15 

1*03 

5*23 

i *54 

2*24 

9*32 

0*69 

2*96 

7*07 

1*08 

9*59 

0*89 

4*53 

6*61 

1*25 

8*29 

o*8i 

5 * 4 i 

6*38 

1*32 

7*90 

1*31 

2* 60 

2*18 

0*568 

5*50 

l*o8 

2* 7 2 

7 *ji 

0*440 

6*23 


at 30°), and the ninth column the derived values of k a . Inspection of these 
values shows that in each of the groups, the values of k a tend to increase with 
increase of [JEI 2 ] TO and to fall with increase of and hence to increase with 

increasing F. These discrepancies indicate that the equilibrium position of (4) 
is not so far over to the right-hand side as has been assumed above ; from the 
deviations we may obtain approximate values of K and k 2 as follows. 

By definition of K we have 


where K' — KK t . 
and 

from which 


[S.O3I-] 

[s 2 o s -y 


- KK % F = K'F, 


Further, 


^.[S.O f I-][S l OT-] « fcitrS.Of-]* 

[ 27 S,Oj“] = [ 8 , 0 , 1 -] + [S,Of-]. 
_ *w(i + A'-F) 2 

ft -— . 


By trial and error values of K' are found which on substituting in the above 
equation makes k 2 most constant in each group. The values of K ' so derived 
arc 0*7 for the experiments of Group A and 0*4 for the experiments of Groups 

* For reaction mixtures with p > o*oi, the ionic strength was increased to 
the indicated value by addition of NaNO a . 
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B and C. These correspond to values of K of about 580 for Group A, and 330 
for Groups B and C. We shall assume that K for Group D is also 580, giving 
K ' — KK t =s 0*9 With these values of K\ the k t ’s given in the last column 
of Table IV were calculated from the observed values of Abi- Though some 
slight errors are involved in this procedure, since the values of [271*] an( * [I“] m 
(and hence also of F), all based on the assumption that the equilibrium (4) lies 
nearly completely over to the right, are not now quite correct, the experimental 
data are not sufficiently accurate to warrant more elaborate calculations, but 
it is considered that, as they stand, they provide substantial evidence for the 
mechanism proposed and that they yield values of K and k z of the rough order 
of magnitude of those summarized in Table V. 

TABLE V 


Ionic Strength 

Temp. (°C) 

K 

k t x 10-* 

0*002-0*008 

20 

580 

4‘3 

0*06 

20 

330 

7 * 1 

0*10 

20 

330 

8*4 

0*002-0*008 

30 

(580) 

5*9 


It is to be noted that on the basis of the mechanism [ 27 I a ] should increase over 
the period of reaction for which measurements can be made. This follows 
because after the initial rapid formation of S a 0 3 I~, reaction (5) is maintained 
by the re-conversion of part of the S 2 0 3 I- back into S 2 0 3 “ and I 2 by the reverse 
reaction in equilibrium (4), and hence [ 27 I 2 ] increases. The predicted rise in 
[ 271 *] during the course of reaction was found and followed experimentally by 
measuring the light absorption of an I*—Na a S 2 O s mixture by means of a Hilger 
Spekker absorptiometer. For example, with a reaction mixture of initial com¬ 
position 

[ 27 I a ] - 0*000657, [ 271 -] = 0*00267, [S 2 0 3 “] = 0*000649, 
reacting at room temperature [ca. 18 0 ) in a cell of 1 cm. thickness, the following 
values of a id were obtained, using a violet filter. 

Time (min. from start) . 2*0 5*0 10*0 20*0 30*0 40*0 

a cd .... 0*401 0*406 0*410 0*430 0*438 0*440 

Though a part of this increase in a cd with time may be due to an increase in 
[271 “], leading to an increased ratio of [I 3 ]/[I 2 ] and, since oq- > oq^for A = 4300A, 
to an increased absorption of light, it is not difficult to show that the effect is 
much too big to be accounted for in this way, and we can conclude that the main 
part of the increase must be due to an increase in [ 271 2 ], as predicted by the 
mechanism. 

To test the validity of the experimental method for determining [ 27 S 2 0 3 “] 
in reacting mixtures of I a and S a Oj~, a few of the experiments of Table III 
were repeated, but instead of running samples into the I a —KI— NaN* “ in¬ 
dicator " mixture, the latter was replaced by a suitable I a —Kl—NaNO a mixture. 
A study of the reactivity of S 2 0 ~~— 1 2 —NO a systems 6 has shown that R 
values between 0*5 and a maximum of 4*0 are obtainable. Hence by employing 
a procedure analogous to that described above, it is possible to determine the 
[ 27 S a Oj“] in each sample of a reacting S a Oj“—I a mixture from the extent of 
reaction induced in an I a —KI—NaNO a “ indicator ” mixture. The sensitivity 
of the " indicator," however, is very low, and the data are subject to consider¬ 
able error, yet the method yields approximate values of Abi which are found 
to be in reasonable agreement with those given above. 

Other mechanisms have been considered, e.g. 

(a) S a 0 3 — -f I a “It S 2 0 3 I~ 4- I 2 , 

followed by 

2S a 0 8 I- -* s 4 o 6 — -f- I 2 , 

and (b) the mechanism suggested by Weiss, 4 

s 2 o 3 - + i, S 2 0 3 ~ + I- + I 

followed by 

2S a Oj -> S4OU"" 

and I T I I 2 , 
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but none is consistent with the experimental data ; hence the mechanism 
S, 0 ,— + 1 .^ S 2 0 3 I- + I-; 
s a 0 3 l- + S a O-- -> S 4 O 0 “ 4- I- 

appears to us to be the most likely course of the reaction between thiosulphate 
and iodine. 

System I2—S4OJ N3.—The reactions occurring in these systems are 
measurably slow and can be followed by ordinary kinetic methods, if the con- 
centrations of reactants are not too high, and determinations of the rate of re¬ 
action have been made at 20° and 30° C in the presence of acetate buffers. 
Analysis of the end-products showed that the only net processes taking place 
are : 

2N-4- I* -* 3 N t + 2I- . . . . ( 6 ) 

and S 4 0 ;r~ + 7l a *h ioH a O -> 4SO7 -f- 14I- -f 20H + . . (7) 

This was shown by preparing reaction mixtures of compositions similar to those 
employed in the kinetic experiments and allowing the reaction to proceed to 
completion at 20°, that is, until all the initial iodine had been consumed, sufficient 
NaNj being present to ensure an excess of this salt at the end of the run. The 
total volume of N a evolved was measured in a nitrometer and the sulphate in 
the resulting colourless solution vcas determined by precipitation and weighing 
as IiaS 0 4 . Table VI shows the type of result obtained. 

TABLE VI 

Temp. = 20°; [Zfldmit. = 0*001974 I [HAc] = 0*0333 > [NaAc] = 0*0333 
Cone.in g.-mole (on g.-ion)/l. 


L N a J inlt. 

[S»°8 J Inlt . 

mi.it. 

% S 4 O e converted into SOf " 

(*) 

(0) 

0*004167 

0*0l6b7 

0*100 

0-423 

0-465 

0*008333 

0*008333 

0*100 

o- 4 88 

0-448 

0*008333 

o*o ° 8 333 

0*050 

0-546 

o -534 


In the last two columns are given the percentage conversions of the initial tetra- 
thionate into sulphate, (a) as given directly by sulphate determination, and 
(p) as inferred from the volume of N a evolved and total iodine consumed on the 
basis of (6) and (7) being the sole net reactions. 

For kinetic measurements at 20° it was found that reaction mixtures con¬ 
taining [ 271 J, [NaN a ] and [Na a S 4 O a ] in the range 0*0004-0*002 M gave con¬ 
veniently measurable rates. The data of the analyses quoted above show that 
the percentage conversion of Na 2 S 4 O 0 into Na a S 0 4 in such mixtures is very 
small. Hence it was not practicable to measure the rate of sulphate formation 
during a run either by determination of SO“" formed or of S 4 O 0 ~ remaining. 
The rate of sulphate formation had therefore to be obtained indirectly as follows. 
Reaction mixtures were divided into two portions. From one portion samples 
were removed from time to time, [ 27 I 2 ] in the samples determined by titration, 
and hence the over-all rate of reaction in terms of [ 27 IJ determined. The other 
portion was placed in a Warburg apparatus, the rate of evolution of N a deter¬ 
mined, and hence, in terms of eqn. (0), the rate of consumption of I a used in 
oxidizing NaN a . Subtraction of this latter rate from the over-all rate of iodine 
consumption gives the rate of iodine consumed in oxidizing tetrathionate, and 
one-seventh of this is rate of disappearance of tetrathionate. 

Preliminary measurements of the over-all rate showed that variation of [I~] 
has a striking effect on the rate. With zero initial [I“] a comparatively high rate 
of reaction is found. Increase of [I-] strongly retards the reaction, until a mini¬ 
mum is reached in the region of [I-] between o*oi and 0*02 M. Increase of [I~] 
beyond this region progressively accelerates the reaction, the rate becoming about 
proportional to [I~] a when [I-] = 0*4. Fig. 5 illustrates this behaviour for 
reaction mixtures at 20° containing initially 

[ 27 I a ] - 4 -io-\ [Nj] - [S 4 0 4 “] - 1*67 x 10- 3 , 

[NaAc] ^ 3*33 x io~ 2 , [HAc] * 1*67 X 10-*, 



G. DODD AND R. 0. GRIFFITH 


557 

u I 

with varying [I - ]. In the plot the rate is expressed as ^q( 27 I*)~ ~ 

measured for the first time interval, It thus appears probable that at least 
two mechanisms are operative, one predominating in the region of very low 
[I-], with the rate retarded by I“, and the other predominating in the region of 
medium and high [I—], with the reaction catalyzed by I". This conclusion re¬ 
ceives support from the discoveries (a) that I 2 reacts with Na 2 S 4 0 6 in absence 



of NaN 3 in solutions of very low content and, (b) that at high concentrations 
of reactants a reaction between Na 2 S 4 O e and 1 ~ can be detected, also in absence 
of NaN 3 . These direct reactions are discussed later in this paper ; for the 
present we shall assume that two distinct mechanisms operate in the reactions 
in I 2 —S 4 0 2 ~—N 3 mixtures and deal separately with the data pertaining to 
the regions of [ 1 ~] above and below o-oi M. 

TABLE VII 


Temp. = 20° C; [NaAc] — 0*0333 ; [HAc] ~ 0*0167 g. mole/ 1 . 


[n,]xio* 

Initial cc 
(g.-mole 

P~3 

mcentratioiii 
(or g.-ion/1.) 

[N s ~]x 10 8 

S 

[s 4 ojr"*]x io* 

*«<«,) 

X It)« 

*uni(ND 

X 103 

*(KS,OJ-) 
x 10’ 

Qo 

8*28 

0*40 

1*67 

3*33 

7 * 73 - 3*39 

8*63 

1*28 

73 *o 

4*09 

0*20 

1*67 

16*7 

15*9 -11*4 

i8*i 

3'45 

53*7 

4*09 

0*20 

1*67 

8*33 

7 * 93 - 5*92 

9-59 

1*44 

84*6 

16*49 

0*20 

0-833 

3*39 

1*57- 0*77 

3-28 

o *44 

32*0 

16*49 

1 0*20 

3-33 

8*49 

10*5 - 5*12 

6*n 

i*68 

70*1 

4*09 

0*10 

1*67 

17*0 

4*49- 3*89 

4*77 

1*40 

43*5 

8*25 

0*05 

I*67 

33-8 

4*70- 2*77 

4*75 

i *33 

41*0 

ib *47 

0*05 

0-833 

33-3 

3*20- 1*84 

5*21 

1*39 

21*4 

4*09 

0*05 

3-33 

17*0 

3*20- 2*93 

1*61 

o*86 

49*2 

4*08 

0*02 

1*67 

16*7 

i*oo- 0*73 

0*74 

o *37 

29*2 
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Table VII summarizes the results of some of the experiments (about one- 
third of the total) carried out at medium and high [I-]. In this table 

and k„ la __. are zero-molecular constants with respect to and S 4 0 4 “respec- 

0 (S 4 0 4 ) 

tively. The former of these was found to fall slightly during a run ; in the 
Table are given the first and last values determined. The rate of evolution of 
N, was found to be unimolecular with respect to N a and the Table gives mean 
values for each experiment of 

x 1 1 rNji 

AibKns ) - T, lo S« [N^ • 

The last column gives values of the ratio 

Q 0 — (moles NaN s decomposed)/(moles Na a S 4 O e consumed) 

over the time the reaction was followed. 

From these and other data not listed, it is found that the dependence of the 
various rates measured on the concentration of reactants and of iodide in this 
region of [I~] is as summarized in Table VTII. 

TABLE VIII 


Dependence on 



[*I*1 

[I-] 

[Nil 

[S.Oi -1 

Overall rate of 
consumption of I 2 

Independent 

x [I-]* 

2 > X > I 

* [N,-]* 
y slightly 
less than 1 

Proportional 

Kate of NaN a 
decomposition 

Independent 

x [I-]* 

2 > X > I 

Proportional 

Proportional 

Kate of con¬ 
sumption of 
Na a S 4 0 # 

Independent 

Proportional 

°C [Nj]‘ 
z approx. 0*5 

Proportional 

0 

Independent 

Increases 
slightly 
with inc. [1 ~] 

* [N,-J* 

z approx. 0*5 

Independent 


We have also made a number of similar kinetic experiments in Nj—S 4 O a ~—I 2 
systems in the presence of low concentrations of iodide ([ 27 I“]mit. < 0*006). 
These yielded values of Q 0 in the range from 10 to 45, with rates of reactions 
markedly retarded by I-. Since here there is a considerable increase of [I - ] 
during each run, it has so far been found difficult to make an exact assessment 
from the data of the effect of concentrations of 27 I a , S 4 0 4 ”, N3 and I- on the 
lates of reaction ; consequently we shall not deal further at present with the 
reactivity of such systems in presence of low [I-]. 

The Reactions between and 1 “ and and Ij. —As indicated 

earlier, S 4 0 4 ” is found to react directly under certain conditions both with I~ 
and I 2 , and these reactions (or their initial steps) must play important roles in 
the reactivity of the system S 4 0 4 ~—I—Nj in the regions respectively of high 
and low [I-]. Both reactions are complicated, particularly the S 4 O a —I” 
reaction, on which we have made only a few qualitative measurements. The 
S 4 O a ~—I a reaction can only be measured at very low concentrations of iodide ; 
for it we have obtained some quantitative data, but not sufficient to establish 
a mechanism. 

Dealing first with the S 4 0 4 —I- reaction, the following experiment indicates 
the formation during the course of the reaction of appreciable amounts of a 
substance which reacts rapidly with iodine or induces azide to do so. To 130 
ml. of a solution of composition : 

[ 271 2 ] ~ 0*000413, [I-] = 0*200, [Nj] — 0*00667, 

[NaAc] -- 0*0333, [HAc] = 0*0167 
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at 20° C were added 20 ml. M/400 Na 2 S 4 0 6 in 1*5 M KI solution, which had 
previously been heated to 65° C for 30 min. and then cooled to 20° C. How¬ 
ever, even before all the Na 8 S 4 0 4 solution had been added, all the iodine in the 
reaction mixture was completely consumed. In an identical reaction mixture, 
but without pre-heating of the Na a S 4 O e with KI, the time required for complete 
consumption of the iodine was over an hour. Qualitative tests showed that 
the mixture of Na a S 4 0 4 and KI used above after heating would itself react with 
iodine and also contained sulphate and H+. A few attempts were made to 
follow the course of the direct reaction between S 4 0 4 ~ and 1 “ at 20°, using fairly 
high concentrations of reactants ([I“] i*oo; [S 4 0 4 ”] «■ 0*02-1*00), by 

titrating samples with I a . Using unbuffered solutions, the reaction followed 
a marked autocatalytic course ; in phosphate or acetate buffers, the rates of 
reaction were much less and the degree of autocatalysis not so pronounced. 
Among the ultimate products are H a S, free S, S0 4 “ and H+. Of chief interest 
for our purpose of discussing the mechanism of the reactions in I*—S 4 0 4 —N a 
systems is the fact that a direct reaction between S 4 0 4 ~ and I- docs take place 
at 20 0 and that one of the products in the early stages of the reaction is a com¬ 
pound which reacts immediately with I t . This product is not SO3- and is 
most probably S 2 Oa 

On the reaction between S 4 0 4 ~ and I 2 , which yields S 0 4 H + and I”, 
we have carried out kinetic measurements at 20° C in presence of acetate buffers 
and in the presence of initial [2JI-] ranging from zero to 0*009. The reaction 
was followed by determination of [£l 2 ] by titration in samples withdrawn from 
time to time. Table IX summarizes the results. 

TABLE IX 

Temp. — 20 0 ; [NaAc] = 0*0230 ; [HAc] =-* 0*0125 g. mole/ 1 . 


Initial Concentrations 
(g.-mole (or g.-ion)/l.) 

*<inl X 10 * 

[I-] x io« 

ft 1 X XO 3 

[271,] x io« 

[S 4 0 4 ~Jx 10 * 

[271-] x 10 * 

First 

sample 

Last 

sample 

3*36 

o *937 

Nil 

2*80-0»84 

0*750 

5*56 

5'8o 

3 ' 3 <> 

i-8 7 

Nil 

4 * 37 - 1*33 

0*930 

5*45 

5*oo 

* 3-36 

i-8 7 

Nil 

4*20-1*50 

1*08 

5*^3 

5*24 

6*72 

i-8 7 

Nil 

3 * 25 - 0*51 

1*62 

io *77 

4 * 9 i 

3-36 

3*75 

Nil 

7*16-2*05 

1*43 

5*61 

4*27 

6*51 

3*75 

Nil 

5-09-0-81 

1*66 

10*76 

3*96 

3*25 

7*50 

3*06 

5 ' 37 -i' 5 i 

3*18 

9*00 

3*24 

3*25 

15*0 

3*06 

7-73-2-28 

3*44 

8*87 

2*60 

3*33 

15*0 

8*66 

3-23-1-39 

7*68 

14*55 

2*99 

3*33 

30*0 

8*06 

4 * 64 - 2 *l 8 

8*03 

14*58 

2*38 

t 3**7 

o *937 

Nil 

9 * 3 2 - 3*82 

1*69 

5*72 

29*7 

th *35 

1*87 

Nil 

7 * 35 - 2*40 

3 *i 3 

12*03 

23*5 


* [NaAc] = 0*0250, [HAc] = 0*0025 g.-moles/l. ; f Temp. * 20°. 


In the fourth column of Table VIII are given first-order constants (A un i) 
with respect to These fall markedly in each run ; the values given are those 

relating to the first and last time intervals in each experiment. The concentra¬ 
tion of tetrathionate in all these experiments decreases only slightly, and the 
fall in £ unl with time is thus probably to be referred to the large increase in 
[1~] which occurs in each run ; columns 5 and 6 give the concentrations of I~, 
corrected for tri-iodide formation, in the first and final samples taken from the 
reaction mixture. Comparison of the results of Expt. (2) and (3) indicates that 
[H + ] has no significant effect on the rate over the range of [H+] tested. In¬ 
sufficient w r ork has been done to derive the exact dependence of the rate on the 
concentrations of reactants and of iodide, but application of the equation, 


k' = *.Jgg + 


where [I~] m and [S 4 0 4 are the mean concentrations of free I- and S 4 0 4 ~ 
respectively in the time interval for which A un i was determined and K t , the 
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tri-iodide equilibrium constant, has the values 0*0012 at 20° and 0*00157 at 30°, 
appears to give reasonable constancy of k f in each experiment. The mean values 
of k' are given in the last column ; it is seen that these fall as [S 4 O a ~] is increased. 
However, in these experiments the increase in [S 4 O a ~] was accompanied by an 
increase in ionic strength, and thus there is a possibility that the fall in k' may 
be referred to an effect of ionic strength. Further work will thus be necessary 
before the mechanism of this reaction can be usefully discussed. These pre¬ 
liminary experiments show, however, that tetrathionate is oxidized by I a at 
low concentrations of I - ; the initial step (or steps) of this reaction will form 
the catalyst which is responsible for the reaction between I, and N a induced 
by Na a S 4 O e at very low concentrations of iodide. 


Reaction Mechanisms 

It is convenient first to deal with the mechanism of reaction in 
12—S 4 0"~—N~ systems, for which quantitative measurements of rates 
of reaction have been obtained over a fairly wide range of conditions. 
As there are grounds for the belief that the reactivity of these systems is 
closely linked with that of I a — S 2 Og ~— N3 systems, for which direct kinetic 
measurements are not available, the mechanism of the latter can best be 
discussed in the light of the mechanism adopted for the former. 

Discussing first the kinetics of the reactions in I a —S 4 0 4 "—Nj 
systems in the presence of medium and high [I'], one of the outstanding 
features of the experimental data (see Table VII) is the large values of 
Q 0 obtained. Thus, depending on the conditions, 20-100 moles of NaN s 
are oxidized to N 2 per mole of Na 2 S 4 O e oxidized to sulphate. It is there¬ 
fore considered that the mechanism of N~ decomposition involves a re¬ 
action chain. A plausible and simple chain mechanism is the following : 


s 4 o-- +1" s a or + s 2 0 3 i- . . . (i) 

SsOj" + 1 2 —s,o,i- -f 1- . . . (2) 

S 2 0 3 I- + Nj — Sj0 3 N 3 + I- . . . (3) 

S» 0 ,N, + N, — s.O.- + 3 N, . . . (4) 

S 4 O s N 3 — so + SO, + N; , . . (5) 


(followed by rapid oxidation of SO and S0 2 by l 2 to sulphate). The 
initial step postulated is the slow reaction (1), which is the reverse of the 
second reaction assumed to take place when I 2 reacts with S-jOg". It 
receives some justification from the fact given above that at high con¬ 
centrations a reaction between S 4 0 4 “ and I~ can be detected, yielding 
a product (probably S 2 0 ~~) which reacts rapidly with I 2 . In the absence 
of N 3 and with moderate and low concentrations of S 4 O a ~ and I" re¬ 
action (1) is not detectable, and the equilibrium lies nearly completely 
over the left. In the presence of I 2 and N a , however, the small amounts 
of S 2 0;~ and S 2 0 3 I~ are immediately converted into the intermediate 
S a O s Ng by the fast reactions (2) and (3). Since in S a Og-— I a — N7 
systems the reactions are practically instantaneous, it follows that after 
the slow process (1) forming S t 0 2 ~ t all the succeeding reactions must 
be very rapid. Processes (2), (3) and (4) constitute the chain. Con¬ 
sideration of the experimental data leads to the conclusion that the chain¬ 
breaking process is probably closely linked with the formation of sulphate, 
and, after the consideration of other possibilities, process (5) is suggested. 
This mechanism yields, by the assumption of stationary state concentra¬ 
tions for S a O;~, S a G 3 I“, and S a 0 3 Ng expressions for 
^o(S 4 or') and Q 0 which can be compared in respect of their dependence on 
concentration variables with the experimental data summarized in Table 
VIII. It is found in this way that the mechanism satisfies most of the data. 
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but does not account for the observed increase of rate of S 4 Oj“ consump¬ 
tion with increase of [N 3 ] nor for the observed dependence of rates of 
consumption of 271 a and of decomposition of N 3 on the concentration of 
iodide. These defects may be remedied on the basis of the above scheme 
by the addition of further reactions to the mechanism. It appears that 
(a) one must postulate the occurrence of an additional sulphate-forming 
reaction whose velocity is increased by increase of [N“] but which does 
not result in decomposition of N 3 , and (b) there exists an extra enhancing 
effect of [I~] on the chain which is not taken account of by reactions (i)-(5). 
These considerations lead us to postulate the following additional reactions 
to the scheme : 

S 4 0 3 “ + I” 4- Nj —(S-intermediate) ^ sulphate . (6) 

S.O.N; + I” S 2 0 8 N 3 I.(7) 

SjOjN,I Nj ——-»■ SjOj - + I” + 3N, . . . . (8) 

Here process (6) is represented in a purely formal manner, and process 
(7) is regarded as a maintained equilibrium. With these additions to 
reactions (i)-(5), the following rate expressions are obtained, if it is as¬ 
sumed for simplicity that reactions (4) and (8) have equal intrinsic speeds,* 
i.e. k % = k 8 : 


*uni(N r > = 


[S.OrHI -] f 2 *»*4[yU(AV+ CI-j) + 7 (ft, [N -] + k t ) 
+ [I-]) 


\ 

) 




*o ( s 4 or-) - [S 4 0--][1-](MN3] + k L ) 
n 4 M 4 tN; ](/v, + [I-]) 
k 6 I< 7 (k< [N a -]+^j ’ 


Qualitatively these equations are in accord with the experimental findings 
as given in Table VIII, and quantitatively they reproduce the data (Table 
VII) fairly well with the following values of the constants : 

k L = 0-00045 ; k A /k & = 9500 ; k 9 = 0 349 ; K 7 = on, 

all based on concentrations in moles/litre, and time in minutes. It may 
be noted that an alternative chain to the one given above is equally prob¬ 
able, as the two are kinetically indistinguishable. This is : 

S a 0 3 I- -f- N 3 ► S a 0 3 -f- I” ~f* 3/2N a • • • ( 3 ^) 

S 2 0 3 + Nj —> S a 0 3 ~ -f 3/2N a . . . (4a) 

SjOjI - -f- I - —> S 2 0 3 I a ..... ( 7 #) 

S 2 O a I a -f N~—* S a 0 3 ” 4 - 1 “ -f- 3/ 2 N 2 . . ( 8 a) 

S a 0 3 —► SO-f SO a —►sulphate. . . . (5a) 

Here, instead of S a 0 3 N 3 , the postulated chain carrier is the radical ion 
S a 07, whose existence has previously been postulated by several in¬ 
vestigators, for example by Evans and Baxendale. 8 

As regards the reaction in the region of very low [I - ], it is possible that 
the same intermediates S 2 0 3 I* and S a 0 3 Nj take part, but until further 
data are obtained for the reaction and for the reaction between S 4 0~~ 
and 1 2 in absence of N", the reaction mechanism cannot be profitably 
discussed. 

Turning now to the reactivity of I a —S 2 0 3 “—Nj systems, for which 
the experimental data have been given in Fig. 1-4, and Tables I and II, 

* If this assumption is not made, no essential difference in the form of the 
resulting expression ensues. 

8 Evans and Baxendale, Trans. Faraday Soc., 1946, 42, 197. 
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the formulation of a reaction mechanism in absence of quantitative rate 
measurements presents difficulties, though some help is afforded from the 
fact that the proposed steps must be reconcilable with the data for the 
direct I*—Na 2 S 2 G 3 reaction and the I 2 —Na 2 S 4 O e —NaN, induced re¬ 
action considered above. The following tentative mechanism, all the 
steps of which, except (n)-(i3), have been previously put forward, is 


suggested : 

S 2 Oj“ -f- I 2 —> s 2 o 3 i- + 1 “ • • (i) 

s 2 o 3 i- + s 2 o~“—► s 4 or + i- . . . . (2) 

S t O,I- + N;— >S a O,N; + I- . . . (3) 

S 2 O s N 3 - + N; —>S 2 Or + 3 N 2 . . . (4) 

S 2 0 3 N s -f - I~ ~ y S Q 0 3 NaI .... (7) 

S, 0 3 N 8 I- - + N“ — S 2 0 r + I- + 3 N a . . (8) 

S 2 0 3 N;—>S 0 + S 0 2 + N; . . . (5) 

(SO and S 0 2 oxidized by 1 2 to SO") 
s 2 o 3 N; + S 2 0 3 N 3 —► S 4 0 8 “ + 3 N 2 . . . (11) 

S 2 0 3 I~ -|- S 2 O s N 3 ► S 4 0 # -f- 3 /2N 2 -f* */ 2 I 2 ♦ ( I2 ) 

s.or + s 2 o 8 n- —► s 4 o-- + n 3 ... (13) 


It has been mentioned earlier that the values of R obtained depend 
to a considerable extent on the method of addition of Na 2 S 2 0 3 to the 
rest of the reaction mixture and on the mode of agitation during the 
addition. The process of mixing is thus of importance, and it is even 
possible that the total reaction occurs in the immediate vicinity of the 
regions in which the drops of Na 2 S 2 0 3 solution meet the remainder of 
the reaction mixture, so that the reaction is practically completed before 
the solution is homogeneous. The initial steps in the reaction are the 
same as those in the direct I 2 —S 2 0 “” reaction. For the latter we have 
evidence that the rate of formation of S 4 0 8 ” is much greater initially 
than would be anticipated from the subsequent course of reaction ; the 
probable explanation is that during the mixing process owing to high 
local concentrations of S a Oj~ and S 2 O s I- the rate of reaction (2) is much 
enhanced, with the consequence that one-half to two-thirds of the thio¬ 
sulphate has disappeared before the first reading can be taken, though 
the subsequent course of the reaction may be quite slow. In the presence 
of azide this tendency for the reaction to take place before the solution 
can become homogeneous must be considerably greater, because in place 
of the slow reaction (2), the much faster reaction ( 3 ) together with its 
successors occurs. In presence of moderate and high [N7] reaction (2) 
will be practically eliminated, and most of the tetrathionate which is 
then formed, must result from other processes. We must therefore 
postulate the occurrence of reactions such as (ii)-(i 3 ) (and possibly also 
similar reactions with the complex S 2 0 3 N 3 I“~ replacing S 2 0 3 N 3 ) as chain¬ 
breaking reactions forming S 4 0 8 ”, at least one of these being intrinsically 
much faster than (2). The chain-continuing processes we postulate are 
the same as those in S 4 0 4 ”— 1 2 —Nj systems in presence of moderate 
and high [I~], as also is the chain-breaking process forming SO;”. 
Considering the two systems, in both we have the same active intermediates, 
SA" S 2 0 3 I~ S 2 Q 3 N 3 and S 2 0 3 N 3 I—. In the Na 2 S 4 O e — 1 2 —NaN 8 
system these active bodies are true intermediates in the sense that their 
concentrations are extremely low and may be kinetically regarded as 
stationary. In Na a S 2 0 „— 1 2 —NaN 3 systems, however, the addition of 
Na 2 S 2 0 3 to the reaction mixture is equivalent to the addition of active 
catalyst in concentration very much higher than that of a true inter¬ 
mediate. The total reaction is complete within a very short time and 
probably within a limited volume, and the concentration of “ active 
SaOa”” thus falling during this short time from its initial value to 
zero. Hence the concentration of the catalysts cannot be regarded as 






G. DODD AND R. 0. GRIFFITH 563 

kinetically stationary, and it is not possible to deal quantitatively with 
this or any other mechanism. It is clear, however, that the “ average ” 
concentration of the catalysts must be very much higher in these systems 
than in S 4 0 3 “—I 2 —N“ systems, and that, though reactions (1 i)-(i3) 
might be of importance in the former they, and also reaction (2), may not 
need to be considered in the latter systems. 

Reference may be made to one feature of the scheme. The effect 
of increase of [I“] is to increase the chain length (i.e. increase R) ; the 
mechanism accounts for this by the assumption of equilibrium (7) together 
with the postulate that the complex S 2 0 3 N 3 I— does not decompose as 
readily as S 2 0 3 N 3 ~ to give products (SO and S 0 2 ) easily oxidized by I a 
to sulphate. It is found, however, that the other halide ions Br- and 
Cl~ also exert a similar, but smaller effect, on the value of R , while NO7 
has no effect. Thus for a certain reaction mixture (containing 0*002 M 
KI) the value of R obtained was ir-6 ; for the same mixture but with 
addition of KI or KBr or KC 1 , or KNO s to make each concentration of 
salt 0*248 M, the values of R were respectively 35 7, 21*8, 13*0 and n-6. 
This observation thus lends some support to the assumption of the forma¬ 
tion of complex, not specific to iodide, formed between halide and some 
reacting entity. 

So far as the nature of the reaction permits a judgment to be made, 
the experimental data can be qualitatively interpreted in terms of this 
mechanism. It is realized, however, that further work employing more 
refined technique and with closer attention to the mixing process will 
be necessary before this or any other mechanism can be adequately tested ; 
for the present we may perhaps claim that the above scheme (or the alter¬ 
native with the radical ion S a O~ replacing S a 0 3 N 7 ) does not conflict 
with any of the available evidence obtained from studies of both S a O~ 
and S 4 0 “~ systems, and has at least some claims for consideration. 

Muspratt Laboratory of Physical and Electrochemistry, 

Department of Inorganic and Physical Chemistry, 

University of Liverpool. 


INDUCED REACTIONS OF THE HALOGENS 
IN AQUEOUS SOLUTION 

PART III. REACTIONS IN THE SYSTEMS 
N3— Br 2 , N 3 —Br 2 —SjO'" AND N£—.Br 2 —S 4 OJ‘ 


By R. G. Griffith and R. Irving 
Received gth December, 1948 

This paper deals with the kinetics of (a) the uncatalyzed reaction in aqueous 
solution between NaN 3 and Br a and (b) of the same reaction in presence of Na a S 2 O s 
or Na 2 S 4 O e . Measurements of the speed of the direct reaction (a) at temperatures 
o°, io° and 20° under a variety of conditions indicate that the mechanism is 

(I) N 3 + Br 2 ^ N 3 Bit N a Br + Br; (II) N a Br + N 3 -► 3 N 2 + Br~ 

with the equilibria (I) rapidly established and (II) the rate-determining reaction. 
Support for the existence of strong complex formation which must be assumed 
to account for the kinetic data is afforded by determinations of the equilibrium 
constant for N 3 -f Br 2 7"^ N 3 Br -f Br~ by partition and spectrophotometric 
methods, and, in general, the results can be quantitatively interpreted in terms 
of the mechanism. 

(b) In the presence of Na 2 S a 0 3 or Na 2 S 4 O e the reactions in systems con¬ 
taining NaN 3 and Br a are extremely rapid. Together with the fast oxidation 
of Na a S a O a or Na 8 S 4 O e to sulphate there is a concomitant rapid induced oxidation 
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of Nj by Br*. Determinations of the ratio of moles N a oxidized to moles 
Na 2 S 8 0 , (or Na 2 S 4 O e ) oxidized show that there is a strong parallelism between 
the action of Na 2 S 2 O s and that of Na 2 S 4 O fl . Values of this ratio increase with 
increasing dilution of Na 2 S 2 0 3 (Na 2 S 4 0 6 ) ; the high values obtained (up to 
no) indicate a chain mechanism for the induced reaction. A mechanism of 
such a type, applicable to both inducing agents and involving S 2 0 8 Br- and 
S.O.N. as intermediates, is suggested 


In Part II of this series of papers, 1 the induced reactions in the systems 
I 2 —]Sf~—S 2 0 3 ~(S 4 0 ~“) were considered ; this paper deals with the re¬ 
activity of the analogous systems with bromine replacing iodine. Since, 
however, bromine also reacts directly with azide, it has been necessary 
first to study the non-induced reaction in the attempt to elucidate its 
kinetics. 

A. Kinetics of the Reaction Between Bromine and Azide in 
Aqueous Solution 

When sodium azide is added to an aqueous solution of bromine, the 
colour of the mixture at once fades to a pale-straw, and nitrogen is evolved 
according to the over-all equation : 

2NaN 3 + Br a 2NaBr -f 3N a . . . (i) 

The reaction is kinetically measureable at ordinary temperatures and a 
few determinations of the rate have been made by Spencer, 2 who followed 
the course of reaction iodometrically at a temperature of 15 0 C. No 
quantitative treatment of his data was attempted, but the following 
reaction mechanism was suggested : 

NaN 3 + Br a + H a O -* HN a + HOBr + NaBr . . (a) 

HOBr + 2HN3 -> 3N a + H a O + HBr . . (b) 

HOBr + 2NaN 3 -* 3N 2 + NaOH + NaBr, . . (c) 

in which (a) is very fast, (b) and (c) relatively slow and rate-determining, 
with (c) faster than (b). We have carried out measurements of the rate 
of reaction over a wider range of conditions than Spencer's, with the result 
that his mechanism is not considered to be satisfactory, and should be 
replaced by one in which the compound N 3 Br is an intermediate. We 
have also carried out a few experiments on the kinetics of the reaction 
between Cl 2 and NaN a in aqueous solution ; these indicate that the 
mechanism of this reaction is analogous to that of the bromine reaction. 

Experimental 

The reaction between Br 2 and NaN 2 has been followed at temperatures of 
o°, io° and 20° C in unbuffered solutions, in presence of phosphate buffers, in 
presence of mineral acid, with and without the addition of KBr, and in presence 
and absence of neutral salt (KNO s ). Two methods of determining the extent of 
reaction have been used. In the one mostly employed, the rate of decrease of 
concentration of bromine was determined by pipetting off samples of the re¬ 
action mixture, running these into acidified KI solution and titrating the 
liberated iodine with thiosulphate. (Provided enough mineral acid is present, 
azide does not interfere with the iodine-thiosulphate titration.) In some 
experiments the course of the reaction has been determined by measuring the 
rate of evolution of nitrogen, using for this purpose a modified Warburg 
apparatus. Satisfactory agreement between the rates inferred for a given 
reaction mixture from the two methods shows that the stoichiometry of the 
net reaction is as given by eqn. (1). 

We define the rate of reaction in terms of the equation, 

. . (,) 

1 Dodd and Griffith, Trans. Faraday Soc. (preceding paper). 

1 Spencer, J, Chem. Soc., 1925, 137, 216. 
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though the kinetics are more complex than given by this equation, in which 
[ 27 NJ] and [ 27 Br a ] are the concentrations (moles/litre) of total azide and total 
bromine respectively, and t is in minutes, k bi is now found experimentally to 
be dependent on the concentration of bromide in the system, but also, and even 
to a greater extent, on the ratio of [ 27 NJ]/[ 2 ?Br 2 ]. For example it is found 
that when in a given experiment [ 27 Nj]/( 2 [ 27 BrJ) > 1, k b{ increases during the 
run; when [i^N^/(2[XBr a ) < k bi decreases; and in systems in which 
[ 2 ?N a ]/( 2 [ 27 Br a ]) &= i, k bi remains constant. These are tantamount to the state¬ 
ment that k bi increases with increasing ratio of [ 27 N 3 ]/( 2 [ 27 Br a ]), and we have 
therefore determined values of k bi as a function of this ratio. The experiment, 
details of which are given in Table I, is typical of the type of result obtained. 

TABLE I 

Temp. =■ 20 0 C ; [2TBr 2 ]init. — 0-007087 ; [iTN^init. = 0*008 ; 

[KBrJimt. = o-ioo. Cone, in moles or g. ions/ 1 . 


t (min.) 

it -h (min.) 

2*27 

28-41 

30-68 

46-42 

77^0 

75-17 

152-27 

92-38 

244*b5 

111-08 

355*73 



10* [2?Br a J 

io» [2’Ns] 

7-003 

rn 

oc 

t^. 

6*630 

7-086 

6*187 

6*200 

5*669 

5-164 

5*219 

4-264 

4-860 

3*546 


[rs 9 ]f2[£BT t ] 

kbi 

0*5354 

0-259 

0-5182 

0*225 

0-4782 

0*206 

0*4328 

0-191 

, 0*3^75 

0-165 


Here the values of k b( are worked out for each time interval, together with the 
corresponding mean values of the ratio [ 27 Nj]/( 2 [ 27 Br a ]). 

Fig. 1 shows some of the results obtained at a temperature of 20° from 
experiments with three different initial concentrations of KBr, the values of 
k bi being plotted as a function of [i7N^]/(2[Z , Br 2 ]). It is doubtless true that 
k bi depends not only on this ratio, but also on the absolute values of the con¬ 
centrations of reactants. In all these experiments, however, [ZBr a ]i n u. was 
approximately constant, varying between 0-006 and 0-008, and thus during the 
course of the experiments [ 27 Br a ] lay in the range of concentrations betw-een 
0-008 and about 0-002 ; over this range of concentration of 27 Br a the results 
show that k bi is to a sufficiently good approximation a function only of 
[ 27 N^]/( 2 (\£Br a ]) at constant [Br~]. Curves of shapes similar to those shown 
in Fig. 1 are also obtained from experiments at io° and o° C. It is seen that lor 
small values of [ 27 Nj]/( 2 [i 7 Br a ]) the values of k bi (and of rates of reaction) are 
very small, for values of the same ratio in the neighbourhood of 0*5 to i-o there 
is a rapid rise in k b{ as the ratio is increased, and that the curve for each con¬ 
centration of Br- reaches a limiting value at high values of [-TNj']/(2[i7Br a ]), 
the limiting value decreasing with increasing [Br~]. Fig. 1 also shows that in 
general the reaction is retarded by bromide, except at low values of the ratio 
[ 27 N 3 ]/( 2 [£Br a ]). A few experiments have been carried out to determine the 
effect of ionic strength n on the reaction rate. In two series of experiments, 
both with [Br-]init. = zero, the one with p = 0-02 and the other (by addition 
of KNOj) with M = o-i2, the plots of k bi against fall on the 

same curve, showing that the effect of ionic strength is here inappreciable. 
However, an effect can be detected by employing a larger increase in /*. Thus 
it is found that in the presence of o-i M KBr increasing the ionic strength from 
o»22 to 0*82 by addition of KNO s increases the rate of reaction by about 17 %. 

The effect of [H+] on the rate is found to be nil in the region of pH 7. Thus, 
in three experiments in which /z = 0-82 and [Br~] = o-i, (a) with the solution 
unbuffered, (b) in the presence of o-i M Na a HP 0 4 -f- 0-2 M KH a P 0 4 , and (c) in 
the presence of o*i M Na a HP 0 4 + 0-4 M KH a P 0 4 , the values of k bi compared 
at the same ratios of [«£N3]/(2[,TBr a ]) were found to be the same. Even at 
still higher pH's where the hydrolysis of Br a might be expected to be consider¬ 
able, the rate is still found to be the same as in the unbuffered solution. For 

20 
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24 6 8 to 

[SN-J 

2 [i 7 Br 2 ] 

Fig. 1. 

A : zero initial KBr B : o-i M KBr C : 0*2 M KBr 

example, the same rates were found at io° C in two reaction mixtures each con¬ 
taining initially 

0*006 M Br 2 -f- 0*040 M NaN 8 -f 0*1 M KBr, 

but mixture (1) containing in addition 0*75 M NaNO s and mixture (2) 0*2444-M 
Na 2 HP 0 4 -f 0*0056 M KH 2 P 0 4 . If we assume that the only equilibria we need 
take into account in these solutions are : 

Br 2 + H 2 0 HOBr + H+ + Br~ 

n 8 +h 2 o^z!:hn3 + oh- 

Br 8 TZl Br 2 + B'r, 

together with, in (2), H a PO^ ~— > H+ 4- HP 0 4 ", 

we calculate, using the values: ionization constant of HN a — i*8 X io~ 5 , 
hydrolytic constant of bromine — 1*45 x io~®, second ionization constant of 
phosphoric acid (at = o*8) ~ 3*0 x io -7 , and equilibrium constant for tri- 
bromide decomposition =*■ 0*057, the following initial concentrations in the two 
reaction mixtures : 

[HOBr] [HN,] [H+] [NJ] [BrJ [Br^] 

Reaction mixture (1) : 

2*58 X io~ 4 2*58 X 10- 4 1*17 X io~ 7 3*97 x 10-* 2*08 x io- 8 3*66 x io~ 8 
Reaction mixture (2) : 

2*59 x io- 8 1*5 x io- 5 6*9 x io~® 4*00 x io- 2 1*24 X I0“ 8 2*17 X 10-* 

Inspection of these figures shows that if these are the only equilibria concerned, 
Spencer's view that the reaction rate is determined chiefly by the product 
[HOBr][N a ] (or [HOBr][NJ*] 2 ) cannot be maintained. However, the fact 
that the same rate is observed in these two experiments is to be regarded as an 
indication that the basis of the calculation is incorrect, and that strong formation 
of some other compound must be assumed. We shall show that the probable 
equilibrium is 

Br g + N 7 ~—► N,Br 4 - Br-, 
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with the equilibrium well over to the right-hand side ; introduction of this into 
the scheme will make it possible for the concentrations of the rate-determining 
constituents in reaction mixtures (1) and (2) to be practically the same. 

Although, as the above results show, variation of [H+] in the region of pH 
from about 6*3 to 8*4 has no influence on the rate of reaction, increase of [H+] 
does retard the reaction at lower pH’s, i.e. when mineral acid is added giving 
a pH of 5 or less, so that significant amounts of azide are present as HN a . 
Later reference will be made to this. Finally, it may be noted that in strong 
alkaline solution, when all the bromine is present as OBr~, no reaction with NJ 
can be detected. 

Complex Formation in Bra—N3 Mixtures. —Spencer * has prepared 
and isolated the compound N a Br by passing bromine vapour over solid sodium 
azide, and has examined its properties ; the methods of determining N s Br given 
below are essentially those of Spencer, and shown by him to give accurate results. 
Assuming that the equilibrium 

N" + Br 2 ^N 8 Br-f Br- 

is set up in aqueous solution, and that this equilibrium (together with the tri¬ 
bromide equilibrium) is the only one that needs to be taken into account, 
attempts have been made to determine the equilibrium constant 

„ _ [N»Br] [Br-] 

K ~ [Br,] [N7] 

by two methods, (a) by partition methods with CC1 4 as the second phase, and 
(b) by spectrophotometric determination of the concentration of bromine. 

(a) If a mixture of N 3 and Br a in aqueous solution be shaken with CC1 4 , 
analysis of the CC1 4 layer shows that it contains both bromine and nitrogen. 
If the free bromine in tlie CC1 4 layer be determined by spectrophotometric means 
(i.e. assuming that N 3 Br or any other complex does not absorb), it is then found 
that the ratio of atoms of nitrogen to atoms of the remainder of the bromine 
is 3/1, showing that the CC1 4 has extracted from the aqueous layer a mixture 
of bromine and a compound of empirical formula N a Br. There is thus good 
ground for the view that N a Br must also be present in the aqueous layer. In 
the partition method used for determining K, a CC1 4 solution containing N 3 Br 
and Br 2 was prepared as above and this solution was shaken with an aqueous 
solution of KBr of known strength until equilibrium was attained. The CC1 4 
solution was analyzed both before and after shaking as follows : (i) by running 
a sample into acidified K1 and titrating with thiosulphate, (ii) by treating a 
sample with NaOH containing II 2 O f and titration of the excess alkali with acid, 
(iii) a portion of the neutral solution formed in (ii) was titrated with AgNO, 
using K a Cr0 4 indicator, (iv) the remainder of the solution formed in (ii) was 
treated with excess AgNO s , the solution boiled with HNO s to decompose the 
AgN a and drive off the HN S formed, and the cooled solution titrated with 
KCNS. The aqueous layer after equilibrium with the CC1 4 layer was attained 
was analyzed for [2?Br 2 ] -f- [N 3 Br] by treating a sample with acidified KI solution 
and titrating with thiosulphate. The experiments carried out at 20° C by this 
method yielded a value of K of about 200, and a value for the partition co¬ 
efficient of N a Br between CC1 4 and H a O of about 24. The value of 

__ [Br g ] fBr-] 

~ [Brj] 

was taken to be o*o57. 3 

(b) More experiments have been done and probably a more accurate value 
of K obtained with the spectrophotometric method. Solutions of known content 
of bromine, bromide and azide were prepared—in all of them [£BrJ had to be 
greater than j\£N 3 ] in order to cut down the rate of reaction—and their light 
absorptions immediately determined and compared with those of solutions of 
identical content of bromine and bromide in absence of azide. The absorption 
measurements were made at room temperature (about 18 0 C) either with a 
" Spekker " absorptiometer using blue and violet light or with a Beckmann 
absorptiometer at three wavelengths 4300, 4400 and 4700 A, the total con¬ 
centration of bromine (i.e. [BrJ -f [Br^] -f [N 3 Br]) being between 0*003 and 
0*0003. Assuming that absorption by N 3 Br is negligible, the results of Table II 
were obtained. 

8 Griffith, McKeown and Winn, Trans. Faraday Soc. t 1932, 38, 752. 
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TABLE II.— Values of K 

0*05 

221, 245, 235, 321, 234, 321, 320, 261 Mean : 270 ± 10 

0*10 

304, 272, 274, 339, 277, 306, 279, 289, 283, 433, 316, 388, 282, 390 

Mean : 317 ± 9 

0-20 

267, 303, 293. 3 ° 3 . 325 . 291. 424. 332 , 388. 341. 328 . 427. 455 

Mean : 344 ± n 

Though the values of K are not very concordant, the divergences are probably 
within the experimental errors of the method ; it is seen that the experiments 
indicate strong complex formation, with a value of K in the neighbourhood 
of 300, a value in moderate agreement with the estimate of 200 given by the 
partition experiments. There is also an indication from the figures of the 
table that K, as calculated, increases somewhat with increasing concentration 
of bromide. In these experiments no corrections for the hydrolysis 

N 7 + Br g + Ii a O ^ HOBr 4* HN a 

have been made ; these would be small and would, in general, have the effect of 
reducing K by 2-3 %. 


[KBr] « 
K = 
[KBr] = 
K « 

[KBr] - 
is: = 


Reaction Mechanism 

The type of curves shown in Fig. 1 for the variation of k bi with the 
ratio [2?N~]/(2[JEBr s ]) is consistent with the mechanism : 


N7 + Br f ^N 8 Br + Br- ... (I) 

N s Br -f N a —► 3 N a -f- Br~, . . . (II) 


with (I) a maintained equilibrium and (II) the rate-determining reaction. 
If, as we have found to be the case, the equilibrium constant of (I) is 
high, so that under our experimental conditions there is a large immediate 
conversion of the reactants into N a Br, the general form of the curves 
is easily accounted for. At high ratios of [ 27 N a ] to [ 27 BrJ practically 
all the bromine is present as N a Br, and [N^] is nearly equal to [ 27 N^] ; 
the rate of reaction will thus become proportional to [ 27 N 7 ] [<£Br s ], i.e. 
k bi will be a constant in this region. At low ratios of [ 27 N a ] to [ 27 Br a ] 
practically all the azide is present as N a Br, and as there is very little N a 
left for reaction (II) to occur, the rate of reaction will be very small. The 
effect of Br~ at these low ratios of [ 27 N a ] to [£Br a ] is also consistent with 
the mechanism. But the effect of Br~ at high ratios of [ 27 N~] to [ 27 Br 2 ] 
is not accounted for ; the scheme as written above predicts that at all 
bromide concentrations the same limiting value of k bi at high ratios of 
[ 27 N a ] to [£Br a ] should be attained, whereas experimentally the limiting 
value decreases with increasing concentration of bromide. The discrepancy 
may be removed by the assumption of an additional equilibrium forming 
the complex N a Br a , i.e. by writing instead of (I), 


NJ + Br, ^ N a Br 7 ^ N a Br + Br- 
The magnitude of 


K' = 


[N a B r-] 

[N a Br]“[Br-] 


(la) 


may be estimated from the experimental data from which Fig. 1 was 
constructed. At 20° C the limiting k bi ’s for [Br*-] = 0*2, o-i and ap¬ 
proximately zero are about 075, 0-87 and 1-06 respectively. On the 
basis that the concentration of N a Br~ is negligible in the solution with 
[Br-*] o and on the assumption that N a Br a " does not react further with 
NJ, the ratio of concentrations of N a Br a to N a Br in the limit at the other 
bromide concentrations may be calculated, and it is found that K' = 2*18 
for [Br“] = 0*1 and 2*07 at [Br-] = 0-2, i.e. K' has a value of about 2*1. 
Some support to the presumed existence of the complex N,Brjj* and to 
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a value of K' of this magnitude is afforded by the spectrophotometric 
determinations of the equilibrium constant K . It can be shown that if 
N 8 Br, formation occurs, the apparent K *s as calculated from the spectro¬ 
photometric determinations should increase with increasing concentration 
of bromide ; the increase which is in fact found is of the order of mag¬ 
nitude corresponding to that which a K' of 2*1 would produce. 

On the basis of this mechanism the velocity constant k of the rate- 
determining reaction (II) at 20° has the value 106, the limiting value of 
k bi at very low concentrations of bromide ; further, the value of k bi in 
any other reaction mixture at 20° is given by : 

. _ *[N 3 Br] [N 7 ] 

[ 2 ?Br,] [UNJ]' 

in which [N s Br] and [N“] are the actual concentrations of the reactants 
in the system. These concentrations have been calculated for the 
experiments of Fig. 1, using the values K = 300, K' = 2*1, K z = 0-057, 
and hence calculated values of k bi derived. The results are shown in 
Fig. 2, in which the observed and calculated /? 6l 's are plotted for three 



A : zero initial KBr 
B: o-i M KBr 
C : 0 2 M KBr 


2[2-Br a ] 
Fig. 2. 



Calculated 

Experimental 


series of experiments at 20°. It is seen that the agreement between 
theory and experiment is fairly good, and substantiates the mechanism. 
A still better agreement could probably be obtained by appropriate slight 
alterations in the values of the constants k , K and K\ 

The temperature coefficient of k bi between io° and 20° under con¬ 
ditions of low [Br~] and of high ratios of [ 2 NJ]/ 2 [ 27 BrJ is found to 
be 3*21 ; under such conditions the observed temperature coefficient 
is that of the rate-determining reaction (II), whose velocity coefficient 
is k . The reaction 

N 8 Br + N"—> 3 N t + Br- 

has thus an energy of activation of 19-2 kcal. Though it is not possible 
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to derive from the data any estimate of the effect of temperature on the 
equilibrium constant K, the temperature dependence of K' can be ob¬ 
tained. Thus at high ratios of [m^/f^Br,] and at a bromide con¬ 
centration of o-i the temperature coefficient between io° and 20° of k bi 
is found to be 3-59 ; combination of this with the previously-mentioned 
temperature coefficient of 3-21 leads to a value of I<' of 3-5 at io° com¬ 
pared with 2*i at 20 0 . 

Finally, a few kinetic experiments have been carried out in which, 
by addition of HC1, a considerable fraction of the azide was converted 
into HN S , so that the azide in the reaction mixture was present partly 
as N~, partly as 11N 3 and partly as N 3 Br. It is not considered necessary 
to give details of these ; they are entirely consistent with the view that 
the rate of reaction between HN 3 and N 3 Br is negligible compared with 
that between N~ and N 3 Br. 

B. Induced Reactions in the Systems Br 2 — N3— S2O3 and 

Br 2 —N3—S4OJ 

The reaction between NaN 3 and Br 2 can be catalyzed by either 
Na 2 S 2 0 3 or Na 2 S 4 0 6 . The catalyzed reactions take place practically 
instantaneously, so that they cannot be followed kinetically. They are 
also as fast, so far as can be judged, under conditions for which the direct 
reaction between NaN 3 and Br 2 is very slow, such as, for example, when 
[^BrJ = [^N“]. 


Experimental 

Under conditions approximating to those used in the main series of experi¬ 
ments we have found that the net reactions occurring in these systems are : 

Br 2 + 2N 3 -► 3 N 2 - 1 - 2Br- . (1) 

and either 

S 2 0 3 + 4Br 2 + 5H 2 0-► 2SO4 ” + 8Br + ioH + . (2) 

or S 4 0 ^ ~ -f- 7Br 2 ■+- toH 2 0 -► 4SO7- + 14BF -f 2oH+. . (3) 

This was shown by running an excess of bromine solution of known concentra¬ 
tion drop by drop into a solution of thiosulphate (or tetrathionate) and azide 
in presence of phosphate buffer ([KH 2 P 0 4 ]/[Na 2 TIP 0 4 ] — 4/1), and measuring 
the nitrogen evolved in a nitrometer. The excess bromine was then estimated 
by addition of sodium arsenite and back-titration with iodine. The amount 
of bromine consumed was compared with that estimated on the basis of the above 
equations ; several experiments of this type were done and in all very satisfactory 
agreement between the observed and calculated bromine consumptions was 
found. 

When bromine and thiosulphate react in absence of azide, there may or may 
not be, depending on the conditions of reaction, complete conversion of the 
thiosulphate into sulphate. If thiosulphate is run drop by drop into a bromine 
solution, buffered as above, between 99 and 100 % of the thiosulphate is oxid¬ 
ized to sulphate ; if, however, the thiosulphate is run in quickly the odour of 
H 2 S is apparent, and the amount of thiosulphate needed to decolorize the 
bromine is greater than for drop-by-drop addition. Also when bromine is run 
into a solution of thiosulphate H a S formation ensues, especially when the ratio 
(moles Br 2 )/(moles S 2 0 3 ~) is less than 4/1. Thus in two experiments in which 
0*05 M Br a was run quickly into o*oi M thiosulphate in presence of phosphate 
buffer, the results of analyses of the resulting solutions were : 

(Mixture (i) : (Moles Br 2 )/(Moles $ 2 OJ~) - 2/1 ; 

Mixture (ii) : (Moles Br a )/(Moles S a 07 ~) — 3/1). 

(>) («) 

Percentage of original S s Oj ~ remaining .... 9-2 1-62 

>> ». ,, ,, converted to S 4 0“ . . 53*0 43*58 

•* ,, ,, SO, ~ . . o«o 0*47 

The resulting solutions were clear, no sulphur separating out, but in each the 
odour of H a S was apparent. Analyses for H a S, SO" and other compounds 
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containing S (such as S 8 C>7 ~ and S 6 07 ~) were not carried out, but if it be assumed 
that the sulpJ ur not otherwise accounted for is present only as H 2 S and S 07 ~> 
the percentag conversions are : 

(i) (») 

Percentage of original S 2 OJj" “ converted to SO4 . . .14*8 33*8 

„ „ 1 > „ n H 2 S . . . 23-0 20*5 

These results would appear to show that under the stated conditions, Na 2 S 4 0 6 
is the main primary product of the reaction between Br„ and Na a S a 0 3 ; in 
presence of excess Br 2 , tetrathionate is, of course, very rapidly oxidized to sulph¬ 
ate. As already mentioned, however, H 2 S formation is not detectable under our 
experimental conditions in the presence of azide, even when the bromine is run 
into the thiosulphate. The difference between the two sets of results may be 
due either to (a) sodium azide inhibiting H 2 S formation by being very reactive 
towards intermediaries which might otherwise form H 2 S or (b) possibly to the 
circumstance that the concentration of S a 07 “ was considerably smaller in the 
experiments with azide than in those with no azide present. 

The main body of experiments in this work consists of the determination under 
a variety of conditions of the ratio (R) of 

(moles Br 2 consumed)/(nudes S 2 OT~(S 4 Oi"~) consumed). 

These determinations can be quickly carried out with negligible interference from 
the direct Br 2 —-Njj“ reaction provided that the ratio of azide to bromine present 
is not too great. Three methods have been employed to determine R : 

(a) by running a solution containing both N7 and S 2 ^r~(S 4 07~) into a 
buffered solution containing bromine and bromide ; 

(b) by running a solution of S 2 0 ST~(S 4 0 <r - ) ^ nto a buffered mixture of Br 2 , 
Br- and N 3 ; 

(r) by running a bromine-bromide solution into a buffered mixture of 
S'jO, ~(S 4 CV~) and NJ. 

The data obtained by method (c), though in general agreement with those of 
the other methods, need not be presented, as the R values which result are not 
so conveniently comparable with each other. In methods (a) and (b) the amount 
of inducing agent added was insufficient to cause consumption of all the bromine. 
Sodium arsenite was added immediately after the addition of the inducing 
agent and the excess arsenite estimated by titration with iodine solution. The 
volume of reagent run in was sufficient to bring the average volume of the 
reaction mixture in each experiment up to 40 ml., the average volume being 
that when one-half of the volume of inducing agent had been run in. During 
the drop-by-drop addition the reaction mixture was kept well-stirred by hand 
agitation, reproducible R values being obtained if the rate of addition of inducing 
agent and the vigour of stirring were kept approximately constant. In order 
to correct for any loss of bromine by vaporization or by reaction with im¬ 
purities, blank experiments were carried out for all runs, water being run in 
instead of the inducing agent. Buffering throughout was effected by a phosphate 
buffer ([KH a PO_ 4 ]/[Na 2 HP0 4 ] - 4/1). 

When S a 0 8 is the inducing agent R is defined as 

(moles Br 2 consumed)/(moles S 2 0 3 consumed) ; 

in order to compare these values with those using S 4 0 J*~ as the inducing agent, 
it is convenient to define the latter as 

(moles Br a consumed)/(2 x moles S 4 07 “ consumed), 

the comparison being then made for equivalent amounts of sulphur. Thus, in 
absence of azide the value of R in the S a 0 8 “—Br a reaction is 4, while that for 
the S 4 07 “—Br a reaction is 7/2 = 3*5. These two R values will then represent 
the limits which will be approached as the azide concentrations in the systems 
Br a —N a —S a 0 “ and Br a —N7—S 4 0 ““ approach zero. 

Fig. 3, 4 and 5 illustrate some of the results obtained. Fig. 3 and 5 relate 
to method (a) in which a mixture of NaN s and Na 2 S 2 0 3 (Na 2 S 4 0 8 ) was run into 
bromine. In the experiments of these figures 5 ml. of a solution containing 
NaN 8 and Na a S a 0 8 (Na a S 4 0 6 ) of the concentrations indicated in the diagrams 
were run into 37*5 ml. of a buffered solution in which [ 27 Br a ] — 0*025 and 
[Br~] =* 0*50. Fig, 4 relates to method (b) ; for these experiments S a C> 7 ~ 
solution (0*01 M) or S 4 07 “ solution (0*005 M) was run into a buffered solution 
containing 0*025 M Br + 0*50 M KBr -f- azide in concentrations given by the 
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abscissa. Other experiments, details of which will not be given, have been 
made to determine the effect on R of varying [Br~], (\TBr a ] and temperature. 
The whole of the results may be summarized as follows. The most striking 
feature of the determinations of R is the parallelism between the data for S 2 Os ~ 
and for S 4 0 ". Under all comparable experimental conditions i?s 2 or“ and 
R^tOf^ a t equivalent concentrations of inducing agent are nearly the same, 
■Rs*or“ being slightly the greater, the difference between the two varying be¬ 
tween 0*5 under conditions when R is small to about 6 when R is large. Another 
feature of the results is the high values which i? can attain ; the highest value 
measured is 113. The effect of increasing [Njf] is to increase R. With method 

(a) the increase is approximately linear from zero [NJ] onwards ; with method 

(b) the increase in R is inappreciable at low concentrations of azide, but an 
approximately linear increase begins at a concentration of azide near that of 
the bromine in the system. The effect of decreasing [S 2 C>3 “] is to increase R , 
and from Fig. 5 it would appear that as [S g 03 approaches zero R increases 
without limit. A similar behaviour is found with S 4 07 ~. The effect of [JS’BrJ 



[J 7 NJ"] = 0*40 [i 7 Br a ] = 0*025 [Br“] = 0-50 


on both i?8,or“ and RSiOJ~ depends on the method employed in the determin¬ 
ation. With method (a), R increases slightly with increasing [ 27 Br a ], the increase 
being the more pronounced the higher the concentration of azide. Using 
method ( b ), however, R diminishes with increasing [ZBrJ. The effect of bromide 
on i?SfOi— and f?Sj0r~ is nil when method (a) is used ; with method (6), R in¬ 
creases with increasing [Br-]. Finally R is only slightly temperature-dependent, 
as reducing the temperature from 18 0 to o° only lowers R by about 10 %. 


Reaction Mechanism 

In the experiments described above, 1 mole S a O^"” (J mole S 4 0 ) 

consumes 4 moles (3*5 moles) of Br t ; simultaneously i?s f Oi-4 

(I?s 4 o 4 -3*5) moles of Br a are consumed by reaction with N,. The 

similarity under all conditions between the and values 

at equivalent concentrations shows that the mechanisms in the two 
reacting systems are in some way very closely associated ; it is also clear, 
in view of the high R values which can be realized that chain mechanisms 
20 * 
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must be operative. The following mechanism will account qualitatively 


for the various effects that have been observed. 

SAT" + Br a —► S a O a Br- 4 Br . . (ia) 

S 4 0 "“ 4- Br 2 —► 2S a O s Br- . . . (1 b) 

NABr^NaBr + Br ... (2) 

N 3 Br -f~ S 2 0 3 —► S 2 0 3 Br~ 4 N # . ( 3 ^) 

N 3 Br 4 S 4 0 3 - —* S 2 0 3 N 7 4 S 2 O a Br- . (3*) 

S 2 0 3 Br- 4 NJ —> S 2 0 3 N 7 4 Br- . . (4) 

S 2 0 3 N 7 4 N"—> S 2 OJ" 4 3N 2 ... (5) 

S 2 0 3 N '4 S 2 0 3 N;—♦S 4 0;-4 3N, ... (6) 

S a O 3 N 3 ~ 4 S 2 0 3 Br“ —► Heading to formation 
S a O a Br- 4 S 2 0 3 Br- —► J of SO; “ . (7) 


All these reactions are postulated as being very fast ; in addition it appears 
necessary to postulate that reactions (1 a), (1 b) t (3a) and (3 b) are in¬ 
trinsically faster than the direct reaction (2), and probably that they are 
also faster than all the other reactions. The intermediary catalysts sug¬ 
gested are S 2 0 3 Br“ and S 2 0 3 N 3 ; reactions (1) or (3), (4) and (5) or (6) 
constitute the chain ; reactions (7) are chain-breaking and lead to sulphate 
formation and cessation of reaction. The conditions of reaction are such 
that it is not possible to deal quantitatively with the kinetics of reaction 
on the basis of this or any mechanism, but qualitatively the above scheme 
accounts satisfactorily for the experimental results. The differences 
between the results obtained by methods (a) and ( b) are accounted for 
in terms of formation of N 3 Br by reaction (2). Though it is assumed 
that N 3 Br can react with SaO^ “ or S 4 G 8 by reaction (3), it is postulated 
that a reaction between N 3 Br and SAN^ analogous to reaction (5) 
either does not take place or is too slow to need consideration. In method 
(b), then, in which S 2 0 3 “(S 4 0 8 ~) is run into a mixture of Br 2 and NaN 3 , 
N a Br formation has already taken place and if conditions are such that 
most of the 2 ?N“ is present as N a Br the value of R will not greatly exceed 
4 ( or 3*5)- This will account for the behaviour illustrated in Fig. 4, in 
which with increasing fjCNj], R first remains nearly constant at 4 (3*5), 
until a concentration of [JPN 3 J is reached which permits of significant con¬ 
centrations of free N 7 being present. It also accounts—by displacement 
of the equilibrium (2)—of the effects of concentrations of bromine and 
bromide on R using method (b). With method (a) it follows, on the basis 
that reactions (1) are faster than the formation of N 3 Br by reaction (2), 
that free N7 will be available for reactions (4) and (5) to occur, and it is 
clear that R should increase with increasing [^ 7 N 3 “ j throughout the whole 
range of concentration of [JEN 7], as is found experimentally. It should 
be noted, however, that N 3 Br formation does take place using method 
(a), as there is time between the addition of each drop for equilibrium (2) 
to establish itself, but since fresh N‘ 3 ~ is continually being added, the chain 
length of the reaction is little affected. Thus using this method at low 
[I?Br a ] and high [£N 7 ] it was found that when about 0-5 ml. out of a 
total of 5*0 ml. of the mixture of NaN 3 and Na 2 S 2 0 3 (Na 2 S 4 0 4 ) had been 
run into the bromine solution the reaction mixture was practically colour¬ 
less, indicating that a high percentage of the Br 2 was present as N 3 Br. 
The value of R was still high, indicating that, as postulated by reactions 
(3a) and (36), the complex N 3 Br can maintain the concentration of 
catajyst. Thus the catalyst S 2 0 3 Br _ can be formed by reaction with 
S 2 O s ~ or S 4 07 ~ either from Br 2 or N 3 Br, but for propagation of a chain 
the presence of free N“ is necessary and the chain length increases with 
increasing concentration of free N7. 

In terms of the mechanism it can be seen if reactions (ia) and (1 b) 
are of equal speed (and also reactions (3a) and (3 b)) then under com¬ 
parable conditions should be greater than i?s 4 o 4 ~ by 0*5. 
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Actually it is found that the difference is 0 5 when low R values are real¬ 
ized, e.g. at high [S g 07“] and low [N^, but the differences become the 
greater the higher the values which R attain. A simple way of accounting 
for this result would appear to be the assumption that reactions (ift) 
and (3 b) are somewhat faster than reactions (id) and (3 a) respectively. 
This would result in a greater aveiage concentration of catalyst being 
present when S4O7 ~ is used than with S 2 O a “ “ and, since the rate of 
formation of SO4 “ is according to (7) proportional to the square of the 
catalyst concentration while the rate of N a formation according to (5) 
and (6) is proportional to the catalyst concentration raised to a power 

between 1 and 2, f?s*o»-4 will be somewhat bigger than i?s 4 o?-3*5» 

and the difference will be the greater as the f?’s increase. Finally, the 
dependence of R on [S a C>7 _ ] (or [S4O7 1 ) at constant [ 27 Ni"] given by 
Fig. 5 is accounted for by the theory in a qualitative manner on the same 
basis, namely that the rates of the chain-breaking reactions increase with 
catalyst concentration and hence with concentration of added S g O7 ~ 
faster than do the rates of the reactions which yield nitrogen and continue 
the chain ; hence R decreases with increase of concentration of S a C >7 ~ 
or The theory can be applied to yield a quantitative relation 

between R and [S a O a ~]. but only if certain further assumptions be made. 
Thus, if it is postulated that (i) reactions (1) are extremely rapid, so that 
the S a O a “ is almost completely converted into S a O a Br~ before the re¬ 
maining reactions take place to an appreciable extent, (ii) that the 
magnitude and the nature of the reaction zone around the drop is not 
dependent on the concentration of S a 07 ~ in the drop ; and (iii) that the 
ratio of [S a 0 3 Br~] to [S a O a N7] in the reacting system is independent of 
the concentration of S a O“~, it may be shown that, with constant [TN~], 

D ^ [S 2 0 3 ] 

-Ks a o a -- ~ 4 * [S, 0 ~~] ' 

where k is a constant and [S a 0 3 - ~] is the concentration of S a O“ “ in the 
solution which is being run into the remainder of the reaction mixture. 
This relation is in general agreement with the data of Fig. 5, both yielding 

plots of i/(i?s 2 o;-4) against [S z O“' J passing through the origin 

and concave to the [S a C>7~] axis, but quantitatively the data cannot 
be well fitted into a relation of the above type. However, though 
assumption (iii) is probably justified, the others are open to much doubt, 
and it is not surprising that a simplified treatment will not reproduce the 
experimental results. 
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THE OXIDATION OF HYDROCARBONS 

SOME OBSERVATIONS ON THE INDUCTION PERIOD 


By M. F. R. Mulcahy 
Received 29 th December, 1948 

In the low-temperature oxidation of n-butane, propylene and (probably) 
tsobutane the reciprocal of the induction period increases linearly with the 
product of the hydrocarbon and oxygen concentrations. This simple relation¬ 
ship contrasts with the more complicated and different effects of the reactants 
on the maximum reaction rate subsequently attained under the same conditions. 
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In explanation it is suggested that whereas the maximum rate is dependent 
on the rate of (delayed) chain-branching, the inverse induction period is pro* 
portional to the rate of chain initiation, which is assumed to occur by the 
reaction, 

RH + O a -► R + HOg. 


Some observations are made on the effects of the nature of the surface and 
of the temperature on the length of the induction period. 


Not the least remarkable feature of the reaction between hydrocarbons 
and oxygen is the existence of a well-marked induction period. In suit¬ 
able circumstances, this may extend over many hours and yet be followed 
by rapid reaction. It is most probably associated with the gradual 
“ auto-catalytic ” rise in concentration of an intermediate substance, 
the subsequent decomposition or reaction of which causes the reaction 
to proceed. For the low-temperature reaction there is evidence that 
the intermediate substance is a comparatively stable peroxide 8 which 
by decomposing in the manner, 

ROOR' -> RO-b R'O—, 

confers on the reaction the characteristics of " degenerate " chain 
branching. 1 * - 8 

This mechanism will explain, in a general way, the initial slowness 
of reaction and the gradual acceleration to a maximum rate, 3 * 1 but the 
more precise conditions which determine the duration of the induction 
period are largely unknown. It may be expected that the elucidation 
of these factors will give some insight into the early stages of the reaction 
and consequently into the mechanism of the reaction as a whole. The 
question has received comparatively little attention probably mainly on 
account of the inherent experimental difficulties. The length of the 
induction period is extremely sensitive to changes in the state of the 
surface of the reaction vessel and, unless proper precautions are taken, 
varies erratically from one experiment to the next. 

It is the purpose of this paper to record some observations on the 
induction period and to point out significant differences between the 
kinetic properties of the reaction in its early stages and those which are 
found when it has reached its maximum velocity. 

Experimental 

Known pressures of the hydrocarbon and oxygen were admitted to an evacu¬ 
ated silica vessel at constant temperature and the progress of the reaction followed 
manometrically. The induction period was defined as the time taken for the 
reaction to reach the standard rate of pressure increase of 0-5 mm./min. This 
rate was, in general, small compared with the maximum rate ultimately reached. 
This definition, rather than the usual one involving the time taken for a standard 
small pressure increase, was chosen because it does not involve a small difference 
measured from the initial pressure reading and because it seems to be more 
amenable to theoretical treatment. 1 

To obtain consistent results for successive reactions it was found necessary 
to standardize the evacuation procedure, the vessel being pumped out for 10 min. 
after the vacuum (no discharge) had been reached. When the reaction vessel 
was allowed to remain for any considerable time above room temperature (e.g. 
overnight), the first subsequent run invariably gave a longer (sometimes con¬ 
siderably so) induction period than an experiment carried out immediately after 
the usual evacuation procedure. On the other hand, the admission of air to the 
hot evacuated vessel resulted in shorter induction periods. This latter effect 
persisted through many subsequent experiments ; consequently it was necessary 
to maintain the vacuum in the vessel between successive runs. 

1 Cullis, Hinshelwood, Mulcahy and Partington, Faraday Soc. Discussion, 
1947, 2, hi. 

* Walsh, Trans. Faraday Soc., 1946, 42, 269 ; 1947, 43, 297, 305. 

3 Semenov, Chemical Kinetics and Chain Reactions (Oxford Univ. Press, 
*935)- 
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When these factors had been recognized it became possible to obtain reason¬ 
ably consistent results. The reproducibility improved as the number of experi¬ 
ments increased, presumably because the walls of the vessel became coated with 
a uniform layer of oxidation products. 

Results 

The Influence of Reactant Concentrations on the Length of the 
Induction Period. —Some results obtained with n-butane at 263° C are given 
in Fig. 1 in which the reciprocal of the induction period (6 min.) is plotted against 



Fig. 1.—w-Butane-oxvgen mixtures (2b 3 0 C). The variation of the inverse 
induction period (min.- 1 ) with the pressures of the reacting gases. 

Full circles : butane varied, oxygen — 250 mm. 

Open circles : oxygen varied, butane = 80 mm. 

the partial pressure of the reactant for each of two series of experiments : 
(a) in which the initial oxygen pressure was kept constant (250 mm.) and the 
hydrocarbon pressure altered (black circles), and (6) in which the initial hydro¬ 
carbon pressure was constant (80 mm.) and the oxygen varied (open circles). 



Full circles : propylene varied, oxygen — 400 mm. 
Open circles : oxygen varied, propylene = 50 mm. 
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It will be seen that the reciprocal of the induction period increases linearly 
with both the oxygen and the butane concentrations. A similar result was found 
for the dependence of 1 /6 on oxygen concentration with 50 mm. butane at 259 0 C. 



• Before air admitted. © After air admitted. 

Fig. 3. — /sobutane-oxygen mixtures (289-5°). The variation of the inverse 
induction period with the isobutane pressure (O a — 250 mm. in all experiments). 
Two series of experiments. 



Fig. 4. /sobutane-oxygen mixtures (289*5°). The variation of i/d with oxygen 
pressure (isobutane ™ 60 mm.). 

"Dte same result was obtained with propylene. Fig. 2 shows the results of 
twp senes of experiments at 298° with 400 mm. constant initial oxygen pressure and 
50 mm. constant initial propylene pressure respectively. The results of experi¬ 
ments with isobutane at 289*5° are given in Fig. 3 and 4. Fig. 3 refers to two 




M. F. R. MULCAHY 


579 

series of experiments each with the reaction vessel surface differently treated 
(see later) but otherwise under similar conditions of 250 mm. constant initial 
pressure of oxygen and various isobutane pressures. It appears that at the 
lower pressures i/9 increases linearly with the isobutane pressure but at higher 
pressures increases more rapidly.* The variation i /0 with oxygen pressure 
at 289-5° is shown in Fig. 4. These experiments were rather less precise than 
usual, but the results are compatible (at least) with a linear relationship between 
1 /8 and the oxygen concentration. 

It will be observed that the results for w-butane, isobutane and propylene, 
three hydrocarbons of diverse structure, are the same : the reciprocal of the induc¬ 
tion period increases linearly with the concentrations of both oxygen and 
hydrocarbon.t This raises the question whether in fact it increases linearly 
with the product of the two concentrations. Neglecting, for the moment, 
the fact that the straight lines representing the i/B concentration relationships 
in general do not pass through the origin, this may be tested in the following way. 

if the induction period is dependent on the reactant concentrations according 
to an expression of the form, 

i/8 - A’[OjrH.C.].(A) 

the variation of 1 /6 in the experiments with variable hydrocarbon concentration 
will be given by 

i/0 = *C 0 [H.C.], 

where C Q the constant oxygen pressure, e.g. 250 mm. in the w-butane 
experiments. Similarly in the experiments with various oxygen pressures 
the expression (A) leads to 

1/8- AC H [O g ], 

where C u - the constant hydrocarbon pressure, e.g. 80 mm. in the w-butane 
experiments. But kC 0 and kC u are the slopes of the linear relationships in 
each case, therefore 

5 h _ slope of straight line with variable hydrocarbon 
S 0 ~~ slope of straight line with variable oxygen 


should ~ ^ 
nC h 


C H 


Comparisons of the ratio of the observed slopes with that of the initial constant 
concentrations for the three hydrocarbons are given in Tabic I. 


TABLE I 


Hydrocarbon 

c o 

mm. Hg 

c H 

tnru. Hg 

% 

min.- 1 miu. Hg- 1 

So 

min.- 1 mm. Hg- 1 

Co/Cu 

%/So 

w-Butane (259° C) 

_ 

50 

_ 

3-33 X 10- 4 



w-Butane (263° C) 

250 

So 

1-56 x 10- 3 

5-32 x 10- 4 

3*1 

2-g 

Propylene . 

400 

50 

1*97 X IO- 3 

1-96 x io~* 

8-o 

3-5 

isebutane . 

250 

60 

7*2 X IO“ 4 

1 (1-2 X 1Q -*) 

4-2 

(f>) 


Considering the nature of the experiments. Table I shows good agreement 
between the relative slopes observed and those expected from the ratio of the 
initial constant partial pressures. Consequently it may be inferred that the 
dependence of the induction period on the reactant concentration is of the form, 

I/O - *[OJ[H.C.]. 

and not 

1/8 - a'coj + 

The linear plots of 1 /9 against initial reactant concentration generally do 
not pass through the origin. This may be due partly to the nature of the 
definition chosen for the induction period, but it appears from some experiments 

* It is possible that the departure from linearity may be due to inadequacy 
of the definition chosen for the induction period under conditions leading to 
high reaction rates. 

t This may not hold for the hydrocarbon dependence under conditions such 
that a high reaction rate is subsequently attained. 
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with n-butane that the displ .cement from the origin, at least in the case of the 
hydrocarbon dependence, varies with the nature of the surface. Fig. 5 shows 



Fig. 5.—w-Butane-oxygen mixtures (263° C). Influence of surface treatment 
on variation of (a) maximum rate and (b) inverse induction period with hydro¬ 
carbon pressure (O a 230 mm. in all experiments). 


the effect of treating the reaction vessel surface with nitric acid vapour (and 
air) at 263° on subsequent reactions with 250 mm. initial oxygen pressure at 
263°. The induction period (Fig. 56) was reduced, for example with 80 mm. 
butane, from 23 to 10 min. But though the absolute values at any one con¬ 
centration are different, the slope of the linear relationship between 1/6 and 
the hydrocarbon concentration is within the experimental error the .same before 
and after the surface treatment, (Fig. 5a gives the maximum rates correspond¬ 
ing to the induction periods in Fig. 5^.) A similar effect is discernible in ex¬ 
periments with isobutane (Fig. 3) in which the surface was heated for 24 hr. 
ui contact with air. 

It seems therefore that the length of the induction period is best represented 

i/t = A[OJ[H.C.] if,.(B) 


where F t is a function of the surface conditions which does not involve [H.C.] 
(and, in view of the relationship between 1 16 , [O a ] and [H.C.], probably not 
[OJ).* 


* According to eqn. (B), for a given hydrocarbon, the intercepts made on 
the 1 /0 axis by the straight lines representing AC 0 [H.C.] and kC H [OJ should 
be equal ( F,), provided that the surface conditions are identical in both series of 
experiments . In each of Fig. 1 and 2 (w-butane and propylene), the intercepts 
are nearly equal, though this is not the case with the isubutane experiments 
(cf. Fig. 3 and 4). However, in the latter case the intercept of the variable 
oxygen curve is somewhat doubtful, and in the variable oxygen experiments 
the reaction vessel was in a more active state than in either series of the variable 
zsobutane experiments. 




M. F. R. MULCAHY 581 

However, it will be necessary to examine this expression in the light of further 
experiments which are in progress in this laboratory. 

The Contrast between the Inverse Induction Period and the 
Maximum Rate 

(a) The Effect of Reactant Concentrations. —It has been pointed out 
previously 1 in connexion with the oxidation of ^-butane that the influence of 
the reactant concentrations on the induction period is quite different from their 
effect on the maximum rate.* The maximum rate-concentration relation¬ 
ships are more complex and, moreover, different for each reactant; the rate 
increases rapidly with hydrocarbon concentration, but above a certain con¬ 
centration becomes practically independent of the concentration of oxygen. 

Fig. 6 shows the maximum rates (p m *x.) obtained with propylene at 298° 
and should be compared with the corresponding results for the induction period 
given in Fig. 2. The contrast between the linear influence of both reactant 
concentrations on 1/6 and their more complicated and different effects on the 
rate is again evident, /sobutane at 289° was found to behave similarly. 



Fig. 6.-Propylene-oxygen (*98°). Variation of the maximum rate (mm./min.) 
with the pressures of the reactants. 

Full circles : propylene varied, oxygen = 400 mm. 

Open circles : oxygen varied, propylene — 50 mm. 

(b ) The Effect of Temperature. —The induction period is more sensitive 
to the effect of temperature than the maximum rate. This is shown par¬ 
ticularly well in experiments with propylene. The curve shown in Fig. 7 was 
obtained by plotting log /> max , against i/T for mixtures of 30 mm. propylene 
and 250 mm. oxygen from 300 to 430° C. 4 f The points shown, however, refer 
to log j/0 plotted against the same scale of j/T. It will be seen that the recip¬ 
rocal induction period and maximum rate increase in parallel fashion with 
increasing temperature. However, the vertical scale referring to log i /0 is 
twice that which refers to log p max . This means that at any temperature the 
“ activation energy ” derived from the reciprocal induction period under these 
circumstances is double that of the maximum rate.J 

* i.e. the tangent to the steepest part of the S-shaped pressure-time curve. 
At this point the concentration of peroxide reaches its maximum value, the 
rate of destruction becoming equal to the rate of formation. 

4 Mulcahy, Trans. Faraday Soc. (in press). 

f The curve shows the gradual transition between the “ low ” and the “ high ” 
temperature reaction mechanisms. 

J The coincidence may be to some extent fortuitous, since the rates and 
induction periods at the different temperatures were determined with constant 
pressures of propylene and oxygen. The correction of the values to constant 
concentrations depends on the form of the dependence on concentration in 
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With propane, which shows analogous maximum rate-temperature char¬ 
acteristics in the same temperature range 4 the behaviour is more complex. 
The maximum rate passes through a maximum at about 320° C and a minimum 
at about 360° C. 6 » 6 But it will be seen from Fig. 8 that 1/8 increases much 
more rapidly with the temperature. Furthermore, 1/8 varies in quite a different 
way from p mtkX . though it also passes through a maximum and minimum at 
rather higher temperatures, viz. at roughly 370° and 400° C respectively.* 

The crossed circles refer to experiments with propane (30 mm.) containing 
t % acetaldehyde which markedly reduced the induction period without much 
affecting the rate. In these circumstances, the temperature coefficient of 
1/8 is again very high. The " activation energy ” corresponding to the slope 
of the straight line is —95 kcal./mole. The numerical value is of little sig¬ 
nificance at present but merely gives an indication of the temperature sensitive¬ 
ness of the induction period under these conditions. 

Discussion 

The evidence shows fairly clearly that the reaction in its early stages 
is governed by a different set of kinetic relationships from those which 
apply when it reaches full velocity. The reason for this is not obvious, 
but it may arise from the circumstance that in the early stages the 
contribution made by (delayed) chain-branching to the rate is small. 
According to the reaction scheme proposed previously, 1 the chain- 
branching is due to a special mode of decomposition (rupture at the 
O—O bond) of the peroxide molecules formed by a sequence of reactions 
such as the following : 

RH + O a = R + HO a . . . . (1) 

R + O* = RO a .(2) 

RO a -f RH = inactive products . . (3) 

RO a + RH = ROOH -f R . . . (4) 

As well as the chain-branching decomposition, it is assumed that 
the peroxide also undergoes a non-chain degradation : 

ROOH s= inactive products . . (5) 

There is evidence that the rate of pressure change at any time during 
the reaction is proportional to the peroxide concentration. 1 * 7 * 8 If now 
it is assumed that during the induction period the total rate of decom¬ 
position of peroxide though definite is small compared with its rate of 
formation we have 

= A.CRO.JtRH], ' 

Qf 

By equating and to zero it follows that 

[ROJ = ~[OJ. 

,— 4 ™. 

each case. Actually at the lower temperatures the correction is almost the 
same for both since i/ 0 ac[OJ[C 3 H 8 ] and pmax.oc [C 3 H 8 ] < ^ /a [OJ°, but the be¬ 
haviour in the high-temperature range is not known. In any case, the general 
conclusion that 1/8 is the more sensitive to temperature will not be affected. 
8 and p ma *. are derived from measurements of pressure change, and it is possible 
that the relationship between dp/dt and the rate of reaction may suffer some 
alteration with increasing temperature. However, again it seems unlikely 
that this will affect the same general conclusion. Similar remarks apply to 
Fig. 8. 6 p ease , J. Amer. Chem. Soc., 1938, 60, 2244. 

* Newitt and Thornes, J. Chem. Soc., 1937, iG69- 

* The maximum and minimum have also been observed by Newitt and 
Thornes.® 

T Medwedew, Acta Physicochint., 1938, 9, 395. 

8 Cf. Bolland, Proc. Roy. Soc. A, 1946, 186, 218. 
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Fig. 7. —Propylene-oxygen. Variation of maximum rate and inverse induction 
period with temperature (30 mm. propylene-250 mm. oxygen). 



Fig. 8 . —Propane-oxygen. Variation of maximum rate (lower curve) and 
inverse induction period (upper curves) with temperature. 

Open circles : propane 30 mm., oxygen 250 mm. 

Crossed circles : propane 29*7 mm., oxygen 250 mm., acetaldehyde 0*3 mm. 
(vertical crosses refer to log pm M ., diagonal crosses to log i/0). 
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Since [RH] and [OJ will not differ appreciably from the initial concen- 
trations, 

[ROOH] - ^- 4 [RH][OJi, 
i.e. the rate of reaction at any time t 

= p = A"[ROOH] = A'^[RH][ 0 ,]/; 

«3 

consequently P = A"^-*[RH][OJfl, 

R 3 

where p is the rate at the end of the induction period. Hence 

1/8 = A[RH][OJ. 

The scheme therefore leads to the correct relationship between the length 
of the induction period and the concentrations. 

The above scheme does not attempt to explain the surface dependent 
term in the expression, 

i/ff = /i[RH][0 2 ] ± iv 

Though this relationship requires further investigation, it seems likely 
that, superimposed on a mechanism such as that just described, there 
is another which involves a surface reaction of zero order with respect 
to the reactants. 

The more complicated dependence of the maximum rate on the con¬ 
centrations can be attributed to the increased importance of chain¬ 
branching breakdown and consequent autocatalytic formation of per¬ 
oxide. In fact, it has been shown that a reaction mechanism involving 
formation and decomposition in a manner similar to that indicated above 
leads to the correct concentration relationships.* 

In connection with the effect of temperature on the induction period 
it may be remarked that the initiation reaction, 

RH -f 0 2 = R | H 0 2 , 

probably requires a high activation energy since it is endothermic at 
least to the extent of 30-40 kcal./mole.® 

Speculation on the influence of the surface must await further experi¬ 
mental evidence. More information is required concerning the relative 
importance of its functions in initiating and terminating chains. 

The author is very much indebted to Prof. Sir Cyril Hinshelwood, 
F.R.S., for his advice throughout the work described in this paper. His 
best thanks are also due to Dr. C. F. Cullis for many interesting discussions. 

The author is a member of the staff of the Division of Tribophysics 
of the Council for Scientific and Industrial Research, Australia. 

The Physical Chemistry Laboratory , 

South Parks Road, 

Oxford . 

* In the original scheme 1 reaction (4) was considered to be 

RO a + RH = ROOR.(4 a) 

However, the mechanism involving the formation of hydroperoxide seems 
more plausible and leads (though not unequivocally) to the same pmwt.-concen- 
traction relationship. The derived constants in the rate expression involve 
the rate constants of the elementary steps in a more complicated way than in 
the corresponding expression derived from the original scheme. 

The approximation made previously 1 in considering the induction period 
does not give the same result with both reactions (4) and (4 a) and for this reason 
the treatment given above is preferred. 

8 Cf. Walsh, J. Chem . Soc 1948, 331. 
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A simple molecular treatment of the hydrolysis of soap solutions is derived, 
based upon the assumption that mixed micelle formation occurs between fatty 
acid molecules (formed by hydrolysis) and soap ions. The main features of the 
hydrolysis curves obtained by Powney and Jordan from pH measurements 
are established quantitatively. From such experimental data interesting con¬ 
clusions upon the dissociation constants of the higher fatty acids and upon the 

. ,. , ,. soap ions in micelle ... , , . 

variation of the ratio ;— - - - ; - ; : -:— rr- with total soap con- 

fatty acid molecules m micelle 

cent ration are drawn. 

The effect of alcohols upon the hydrolysis curve is estimated in a semi- 
quantitative manner, on the basis of a simple competition between fatty acid 
and alcohol molecules for the limited number of sites in the micelles. 


While studying the solubilization of polar compounds, such as phenols, 
by soap solutions it became necessary to examine in detail the behaviour 
of the fatty acid soaps. These, like all salts of weak acids, are hydrolyzed 
in aqueous solution. The extent of the hydrolysis is of importance in 
relation to the colloidal nature of soap solutions, and is of great interest 
in connection with the mechanism of detergent action, and with the stabil¬ 
ization of foams and emulsions. A number of investigations dealing with 
the problem are reported in the literature, the most exhaustive being 
that of Powney and Jordan, 1 who, by means of the glass electrode, measured 
the degree of hydrolysis of a large number of sodium soaps (laurate, 
myristate, palmitate, stearate, oleate, linoleate, ricinoleate) as a function 
of concentration and of temperature. 

A typical set of curves is that for sodium palmitate, reproduced as 
Fig. 1. All the soaps show a remarkably similar general behaviour, 
the curves for the different soaps merely being displaced along the con¬ 
centration and hydrolysis axes. Thus it is clear that any explanation 
must be of quite a general nature and capable of accounting for the follow¬ 
ing facts : 

(i) increase of temperature and of chain-length results in an increase 
in hydrolysis ; 

(ii) the degree of hydrolysis goes through a minimum and then 
through a maximum as the concentration increases ; 

(iii) the curve of degree of hydrolysis against concentration becomes, 
at high soap concentrations, parallel to the curve for very low 
soap concentrations. 

It will be shown below that a general quantitiative explanation, derived 
from simple molecular considerations,* accounts for the essential experi¬ 
mental features and offers, in addition, considerable quantitative 

1 Powney and Jordan, Trans. Faraday Soc., 1938, 34, 363. 

* In a private communication Dr. G. S. Hartley has pointed out that by 
consideration of surface and bulk pH's essentially similar conclusions may be 
reached. 
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information upon the formation and structure of micelles in aqueous 
solutions of the fatty acid soaps. 

The present explanation is to be compared with that suggested in 
qualitative terms by Powney and Jordan 1 who state " the abnormal 

hydrolysis of soap solutions can 
be reasonably explained on the 
assumption that the rise in 
hydrolysis to a maximum is 
due to the formation of an in¬ 
soluble acid soap, as suggested 
by McBain, and that the subse¬ 
quent decrease of hydrolysis at 
higher soap concentrations is 
brought about by the formation 
of an acid soap of a more 
soluble type, possibly having a 
preponderance of neutral soap 
in its composition.' 4 

Similar views to those of 
Powney and Jordan have also 
been advanced and formulated 
quantitatively by Ekwall. He 
and his co-workers studied, by 
means of turbidity a and pH •* 4 
measurements, the hydrolysis 
of certain soaps and interpreted 
their results on a theory in¬ 
volving the stepwise formation 
of a series of acid soaps. 6 We 
cannot support this idea as the 
definite compounds postulated 
do not appear to exist under 
the experimental conditions for 
normal hydrolysis studies. 

Derivation of the General 
Fig. t.— Hydrolysis-concentration curves Equation. — Salts of the lower 
for sodium palmitato. fatty acids (e.g. sodium acet¬ 

ate), unlike the soaps, show no 
increase in hydrolysis with increasing concentration. Neither do they form 
colloidal aggregates in aqueous solutions. Undoubtedly, therefore, the 
formation of colloidal aggregates (normally termed micelles) in aqueous 
soap solutions, is closely related to the unusual hydrolysis behaviour of 
the higher fatty acid salts. It is well known that solutions of, say, 
potassium laurate form micelles above a certain critical concentration, 
and it is to be expected that, by virtue of their structure, these micelles 
will tend to solubilize molecules of undissociated fatty acid, just as with 
alcohols and other polar organic molecules. Effectively, therefore, the 
fatty acid molecules produced by hydrolysis are removed from solution, 
and the equilibrium between salt and acid is displaced in the direction of 
increased hydrolysis. The micellar surfaces thus resemble a macroscopic 
oil-water interface. 

When micelles are present the state of affairs in solution may be 
represented by the following equilibria, clearly intimately linked : 

1-5 + H s O HLy Oil- 




* Ekwall, Kollotd-Z ., 1936, 77, 320. 

3 Ekwall and Lindblad, ibid., 1941, 94, 42. 

4 Ekwall, ibid., 1941, 97 * 7 *- 6 Ekwall, 1 bid., 1940, 9a, 141. 
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For convenience, sodium ions are omitted completely. The micelle 
(Lj^, HL^) is represented as a mixed aggregate, as it contains both soap 
ions (L) and unionized fatty acid molecules (HL). 

The following notation is employed : 

C — total soap concentration in g,-moles/litre. 

V — total volume of solution, in litres. 

V M — volume (in litres) occupied by the mixed micelle in V litres of soap 
solution. 

Symbols, such as HLy, L, M , etc., without brackets denote total amounts in 
g.-molcs. (i.e. in V litres of solution). 

Brackets denote concentrations in g.-moles per litre, e.g. [HLy] is concentration 
of fatty acid in g.-moles/litre of solution, [HL M ] is concentration of fatty acid in 
g.-moles/litre of the mixed micelle. 

Braces denote activities, 

i.e. {HL,} = [HI„,] x Jm, s , where / Hlj -+ 1 as C -»■ O. 

Subscript S refers to molecular solution 
Subscript M refers to the micelle. 




[HL,]’ D " [L s ]' 


Now the hydrolysis constant, as normally defined, using concentrations, is 


[OH-][HL,] 

* [L,] ' 

■ (I) 

and, whatever the value of C, [OH - ] = /SC, where /3 is 
hydrolysis. Below the micellar region 

the degree of 

K P C 

X »“l -1 • • 

Moreover, 

• (i«) 

HL, + HL* - PCV. 

• (2) 

and L, + L„ = (1 - p)CV. 

Eqn. (2) may be written 

• (3) 

PCV = [HL,] X V + A>[HL,]K* . 

If now we introduce p, the density of the mixed micelle, 

• (4) 

u _ 4 - L m 

Vm p 

• (5) 


p is derived from the usual densities (in g./cm. 3 ) and molecular weights 
of the fatty acid molecules and soap ions. If these densities are taken 
as unity, and the small difference in molecular weight is ignored, then 
p 8 io*/M, where M is the molecular weight of the soap.* Numerically, 
these approximations in the calculation of p are not significant for the 
present purpose. From (5), 


V M = l(pCV - HL, + (1 - p)CV - L,), 

= j(C - [HL,] - [L,]). 

Substituting for V M in (4) we obtain 

pC = [HL,] |i + ~{C — [HL,] — [L,])}. . . (6) 


But 

i.e. 


[HL,] = by eqn. (i), 

P‘C‘ = A\[L,]{i + ~~(c - [A,] - ^- ] )} 
♦ The units of p arc g,-mole/litre. 


(7) 
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Strictly eqn. (7) is not accurate as thermodynamic values of K h and K F 
have not been employed. Using activity coefficients defined as above, 
eqn. (7) becomes 


p*C 2 ^ 


A '* X A ; x fj + K f x 

fuh s X 7 ob \ P 


if C—[Lo] - jjjlTg] 

pc 


fli p 


fuL s X /oh^ 


( 8 ) 


The necessary activity coefficients are not known by other means, but 
they would not appear to differ markedly from unity since deductions 
from eqn. (7), which assumes that they are unity at all concentrations, 
are confirmed experimentally within the fairly large error necessitated 
by certain approximations.* Eqn. (7) cannot be used as it stands 
because both K F and [L 5 ] depend upon C. However, if C s is the critical 
concentration for micelle formation (as normally measured) two extreme 
cases arise which considerably simplify the mathematics. 


Case I .—C > C s . 

For all the systems under discussion K h /pC <$: 1, and is of the order 
of io~ 4 . 

E.g. sodium myristate : 

(a) 8o°C: K h ~ 10- 7 ( b) 25 0 C : K h ~ 10-* 

P ~ io~ l p ~ io~ a 

C -—• io~ 2 C ^ io~ 8 


i.e. K h [L s ]/pC can be neglected in comparison with [Ly], 
reduces to 


P‘C* = + - F (C - [L s ])}, 


Now p ~ 3 — 4, C ~ io -1 molar ; K F ~ io 6 — io 8 , 


K P x C 


K P C 


i.e. 

or 


4* 1 — 

P P 

pP*c = x k f . 

P'Cp 




f L s ]K f 


Eqn. (7) then 


( 8 ) 


(9) 


Had no micelles formed, for very small values of C (= C x ) the normal 
expression for K h would have been (eqn. (1 a)), 

K h = P*C lt if P < 1. 

When C > C s , again p 1 if C is sufficiently large. Thus, for the same 
small value of p, 

<L ^ 1 

c i P 


The experimental results for p against C (see Fig. 1), show that the curve 
before the minimum runs parallel to that beyond the maximum, and 
hence it follows that C/C x — const. Thus, for K f [L s ] is constant, 

and since there is good evidence that the concentration of simple mole¬ 
cules [Ly], does not vary much once micelles are present, then K F is also 
a constant. Values of K F cannot, however, be found until [L 5 ] is known. 
This may be extracted from the literature or can be obtained directly 
from the data of Powney and Jordan, as follows, 


* Note eqn. (8) does not contain which would certainly vary consider¬ 
ably with concentration. 
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Re-writing eqn. (7) in the form, 

Qi — ( K F(r r r -1\ \ 


i 1 + 


and putting [£ s ] — 
we have 

j8*C* — x c? x C + c s K h ( — X fo — 1) = o, . (10) 

i.e. if C > Cy, there are two values of C for a given value of 0 . More¬ 
over, there will be a maximum value of ft (= £ ma x.) given when C = C m *x. 
and eqn. (10) has only one root. Then 

n __ KhKF c s / TT \ 

Cmax * ~~ ^x7x~p ‘ • • (II) 

and = 4#nax. x c s h\(^^ — i) . . (12) 

p \ p / 

To a first approximation, eqn. (12) reduces to 

= -5^.(13) 

4 P 

and thus C max . — 2C 5 , i.e c s can be obtained from the maximum in 
the curve. For a given soap it is well known that the critical concentra¬ 
tion for micelle formation increases only slowly with temperature ; it 
is not surprising therefore, that the maxima in the experimental curves 
should all occur at about the same soap concentration. Probably the 
best values in the literature for critical concentrations are given in the 
paper by Klevens. 6 In Table I the values of c s calculated as above from 
the hydrolysis data are compared with the experimental values of Klevens. 
The agreement is clearly very reasonable. 

TABLE I.—The Critical Concentration for the Formation of Soap 

Micelles 



C u H 2a CO a Na 

C u H 27 C 0 2 Na 

Ci 6 H n CO,Na 

Ci 7 H„CO,Na 

Expt. (Klevens) 

2*4 X io~ 2 

6*6 X io~ 3 

2 X IO -3 

5 X 10- 4 

Calc, from hydrolysis 
data 

1 — 2 X io~ a 

3 X IO“ 3 

1*3 X IO -3 

5 X 10- 4 


All concentrations in moles/litre. Values at 0o° C. 

TABLE II.— Calculated Values of io ~ 6 K f for Various Sodium Soaps 
at Various Temperatures 


25 ° C 

40 °C 

6o°C 

8o° C 

Laurate . 

9-0 

4*5 

' 

o*6 

0*15 

Myristate 

28 

10 

1*4 

o*iO 

Palmitate 

— 

362 

104 

0*51 

Stearate . 

— 

344 

130 

8-3 

Oleate 

104 

52*5 

2*1 

0*16 


Knowing [. L s .], K F then follows; the values so found are set out in 
Table II. Two generalizations may be made from this Table ; firstly 


Klevens, J. Physic. Chem t) 1948, 52, 130. 
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that K F decreases with increasing temperature,* secondly that K f 
increases markedly with chain length. Since K F effectively represents 
a partition coefficient it should increase with the number of carbon atoms 
in the chain, and by a constant factor of ca. 3 per CH 8 group, just as 

with other properties such 



as surface activity, oil-water 
partition coefficient, etc. (see 
for example, Ferguson 7 ). 

Fig. 2 shows that the 
increase of log K F with chain 
length is indeed approxi¬ 
mately linear, and that K F 
varies by the usual factor 
of 3 as found for successive 
members of a straight chain 
scries (Traube’s rule). 

Case II. C < C s . 

Before this region can 
be considered it is necessary 
to know the values of K h . 
K a h (thermodynamic value) 
could be obtained from the 
ionic product of water (KJ) 
and the thermodynamic 
dissociation constant of the 
acid (/v a ) if the latter were 
known with sufficient ac¬ 
curacy. Dippy 8 has collected 
data on the dissociation 
constants of the saturated 
fatty acids up to nonoic ; 
the insolubility of the higher 
members prevents a direct 
measurement. From this 
data it would seem quite 
likely that K a (thermo- 


Fig. 2. —The dependence of K F upon the dynamic) might be almost 
number of carbon atoms in the paraffin chain, independent of chain-length 
The slope of the straight lines has been calcu- above, say, six or seven 
lated from Traube's rule (see text). carbon atoms, i.e. at the 


same temperature, AJ might 
be expected to be the same for all the saturated acids. Such values of 
AJ can be compared with values for K h obtained from eqn. (13) (see 
Table III). The wide discrepancy which clearly exists cannot be ac¬ 
counted for by micellar activity coefficients since, with the exception 
of the laurates at low temperatures, the thermodynamic K %’s do not 
give the experimental p — C curves in the pre-micellar region (C ~ io~ 5 M). 
However, using the values of K h calculated from /? ma x. there is quite 
good agreement between the observed and calculated curves at these 
low soap concentrations. Unfortunately there are little data available 
on activity coefficients of soap solutions. The most useful for the present 


* From graphs of log 10 K F against i/T, values of A H F , the change in heat 
content for the transformation, 

fatty acid in solution ^ fatty acid in mixed micelle, 

have been obtained. It is hoped to discuss this aspect in some detail in a later 
paper of this series. 

• 7 Ferguson, Proc. Roy . Soc. B, 1939, 127, 387. 

8 Dippy, Chem. Rev., 1939, 25, 151. 
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purpose comes from the work of McBain and Barker,* but the lowest 
concentration investigated was io~* M. At this concentration (micelles 
present) the activity coefficients were of the order of o*8 to 0-9, certainly 
not differing from unity by a factor of ten or one hundred. It would 
seem more plausible, therefore, to take activity coefficients as unity and 
to ascribe the above discrepancy to a change in K a with chain-length. 
Column 5 in Table III shows values of I< a so found, uncorrccted for activity 
coefficients. The change is in the expected direction, viz., a decrease in 
K a with increasing chain-length. The marked temperature dependence 
of K a seems not unreasonable if the long paraffin chains are coiled in 
solution to decrease as far as possible the hydrocarbon-water interface. 


TABLE III 



°C 

10’ K h 
Calc. 

10’ K h 
Obs. 

105 K a 

IO 4 

C F 

10 7 Satn. 
Sol. 

10 7 Total 
Acid at 
nun. 

Sodium 

25 

0*009 

0*007 

1*7 

7 

2*9 

6*5 

La urate 

40 

0*029 

o-ooO 

6*2 

6 

3*5 

b *5 


(>o 

0094 

0*079 

1*6 

30 

4*4 

60 


So 

0*20 

0*31 

1*1 

100 

5*2 

130 

Sodium 

2 5 


0*065 

o*i8 

3 ° 

o *9 

2*0 

Myristate 

40 

— 

0*1 

0*40 

5 ° 

1*2 

6*0 


(>o 

— 

075 

0*17 

75 

i *5 

72 


80 

—- 

6*7 

0*052 

380 

2*0 

350 

Sodium 

40 


o *47 

0*084 

3 ° 

3*7 

7*5 

Palmitate 

60 

— 

4*4 

0*029 

TOO 

0*47 

60 


80 

— 

03 

0*0037 

660 

0*58 

900 

Sodium 

40 

— 

1*2 

0031 

16 

J *3 

4*8 

Stearate 

bo 

— 

2*1 

o-oO 

23 

i *7 

10 


80 


40 

0*0087 

12 5 

2*2 

190 


Column 3. K h calculated Irom ] and K [ a * ] . 

4. I< h calculated from 0 m » x . 

5. K a calculated from column 4 and l\ w . 

6. Cf obtained from column 4. 

7. Saturation solubility ( x to 4 ) of fatty acid in water. 

All concentrations are in moles/litre. 

In the above calculations the values of K w used by Powney and 
Jordan to compute /3 had to be employed. These values were taken from 
the work of Lorenz and Bohi 10 and are not in agreement with the “ best " 
values given in the International Critical Tables. 

Having decided upon the values of I\ h to be used it is of interest to 
derive another equation for the dependence of /J upon C in the region 
C <^C S . Using eqn. (3) we obtain 

(x - P)C = [L s ] 1 i + K -D(C - [Lj] - [HLy])| . . (r 4 ) 

But [L s ] = by eqn. (i) 

•*• —* X = [HL s ]{x + ^[C - [HL,](i + g)]} . (x 5 ) 

Here both [HL5] and K D will depend upon C. 

•McBain and Barker, Trans. Faraday Soc., 1935, 31, 149. 

10 Lorenz and Bohi, Z. physik. Chem,, 1909, 66, 733. 
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For soap solutions the critical concentration for micelle formation as 
measured here (C s ) and, for example, by Elevens is much higher than 
the value at the minimum of the hydrolysis curves. Yet in order to 
explain why these curves are not normal some type of aggregation, be¬ 
ginning in the region of the minimum value of p, seems essential. From 
eqn. (i) it is clear that, at a given C, p will be raised if fatty acid mole¬ 
cules are effectively removed from solution by being incorporated into 
some sort of colloidal aggregate, such as a soap micelle. However, it 
seems well established from other properties (e.g. conductivity, density, 
interfacial tension, refractive index, etc.) that soap micelles normally 
form over a narrow range of concentration ; certainly not approaching 
the factor of ten which would be required here. An alternative explana¬ 
tion would be that fatty acid aggregates are formed at the requisite low 



Fig. 3.— The total concentration of palmitic acid in aqueous solutions of 
sodium palmitate at 40° C. 

concentration (say about o-iCy or so), beginning at a fatty acid con¬ 
centration which is some definite fraction of its saturation solubility. 
Since the latter increases with temperature 11 (see Table III) it follows 
that the minimum in the curve would move to higher soap concentrations 
and to higher degrees of hydrolysis as the temperature is raised. 

The idea of fatty acid aggregates is not new, probably the first 
indication being given by the work of Jones and Bury 12 upon butyric 
acid. Further support comes from the solubilization data for organic 
substances in soap solutions. With soaps which do not hydrolyze in 
solution the solubility appears to increase quite sharply at the critical 
micellar concentration (e.g. Hartley 12 — trans -azobenzene in cetyl pyrid- 
inium chloride solutions) whereas with the fatty acid soaps appreciable 
increases in solubility are noted well before this point (e.g. trans-a.zo- 
benzene in sodium laurate solutions ; 14 see also Fig. 3 given by Merrell 

11 Ralston and Hoerr, J. Org. Chem ., 1942, 7, 546. 

12 Jones and Bury, Phil. Mag., 1927, 4, 841. 

13 Hartley, J. Chem. Soc., 1938, 1968. 

14 Unpublished work of the authors. 
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and Getty 15 —Orange O.T. in potassium laurate—and Fig. 3 and 5 of 
Kolthoff and Stricks M —dimethyl aminobenzene in sodium laurate and 
in sodium caprylate). If c F is the concentration of fatty acid molecules 
at which aggregation commences, and if we assume that c F is approx¬ 
imately a constant then eqn. (15) becomes 


K h x - 1 ™ = c F |i + ^[c -c F ( 1 + 



On rearrangement this transforms into 

T-“-* + 


pK h )■ 


At the minimum 80 / 8 C is zero. If K D 'is taken as a constant over small 
ranges of concentration then 

8/J/C x cjtK D A*\ _ c % x K d P 

8C\ P K h p*J ~ P P K h 3 

Or K h = C f X pmin. .... (16) 

K h is known, p m m. can be obtained from the curve and so c F may be found. 
Table III shows c F so calculated, also the saturation solubilities in water 
and the total fatty acid at the soap concentration for minimum hydrolysis. 
Clearly aggregation occurs before saturation, the difference between the 
two decreasing at higher temperatures. Graphs of log c F — i/2" and 
(log Cgat.) — 1 /T yield interesting results, but discussion upon them is 
being postponed for a later paper. 


Case III. The Region between the Maximum and the Minimum 
in the Hydrolysis Curve. 


It is of interest to consider in more detail the change from the fatty 
acid aggregates which we have postulated as forming initially to the soap 
micelles which eventually contain only soap ions. This may best be 
done in the following simple manner, without using the equations already 
derived. 

From the p — C curves it is possible to obtain the total fatty acid 
concentration, since this is merely equal to pC (see Fig. 3). At high soap 
concentrations this clearly tends to zero, whereas at low soap concentra¬ 
tions, for smalljvalues of p, the slope of the graph of log pC — log C should 
be 0 5. This follows from eqn. (1) : 

K h x (1 - p)C = (PC)\ 

i.e. log K p + log C 2 log pC, 


or 


8 log tfC) 
"S log C 


The limiting slope of 0*5 is reached at soap concentrations just before 
the minimum in the hydrolysis curve, and it is in this region that ag¬ 
gregation to fatty acid micelles sets in. 

By means of Fig. 3 it is possible to obtain the ratio : 


Amount of micellar fatt y acid in 1 1 . spin. 
Amount of free fatty acid in 1 1 . soln. 


for various total soap concentrations, if [HL 5 ] = c F = const. Only if 
C > C s can K F be found from this ratio since, if C < C s , it is necessary to 
know K d in order to determine the volume occupied by the micelles. 
Consider, for example, sodium palmitate solutions at 40° C. When 
p = 0*23, C = 3*o x io -1 M, c F = 2 x io“ 7 M and the molar ratio is 


15 Merrill and Getty, J. Physic. Chem., 1948, 52, 774. 
1# Kolthoff and Stricks, ibid., 1948, 52, 915. 
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3,500. Now the volume of the micelles is equal 
(approx.), since p = 3-6 and C s = 1*5 X io~ 8 M. 


to i*5 x io-*/3*6 1. 
Thus K p , which is 
3*6 x io* 




the ratio expressed in concentrations, is equal to 3,500 X 

or 8*5 X io 6 . This is in fair agreement with the steady value (16 x io # ) 
found from the parallel displacement of the hydrolysis curves at very 
high and very low soap concentrations (Table II). 

Further interest centres around the ratio 


total micellar soap 
total micellar fatty acid 

i.e. the number of soap ions to every fatty acid molecule in a micelle. 
The variation of this ratio with total soap concentration is shown for 
sodium palmitate at 40° C in Fig. 4. In order to obtain this diagram 



Fig. 4.—The composition of the micelles in sodium palmitate solutions at 40° C. 

it has been assumed that when C > C s there remains in solution a con¬ 
centration of single soap ions equal to C s . Clearly when C > C s the ratio 
will become very large indeed, and when C is in the region of Cmm. the 
ratio tends to zero. For the above system, when C = Cmax., the ratio 
is two soap ions to every fatty acid molecule. If K D were known for 
all values of C the concentration range from Cmm. to C s could be analyzed 
quantitatively, but as this is not so, a smooth curve joining the parts for 
which C > C s and C ^ Cmm. has been drawn. From this curve it follows 
that when C — C s (i.e. at the critical concentration for soap micelles as 
normally measured) the ratio of soap ions to fatty acid molecules is not 
far from unity. This is a result of very great interest in view of the well- 
known stability of the acid soaps of composition NaL, HL. 

Hydrolysis in Aqueous Alcohol. —Powney and Jordan 1 also present 
data upon the effect of normal alcohols in decreasing the hydrolysis of 
sodium oleate (0-003 M) at 25 0 C. They suggest that this is due to an 
increase in the solubility of the fatty acid in aqueous alcohol so that at 
no time is the solubility limit exceeded. Possibly this solubility is a 
contributory factor but it is not, in our view, the major one. 
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It is well established that soap micelles solubilize alcohol molecules, 
the solubilization increasing with increasing chain-length of the alcohol 
for the lower members at any rate. In a solution containing both alcohol 
and free fatty acid (formed by hydrolysis) there will exist a competition 
for the limited number of sites in the soap micelles so that, if the alcohol 
is in great excess, no increase in the total amount of fatty acid can be 
obtained by solubilization : the hydrolysis, therefore, remains at a normal 
value. On this view, with increasing chain-length of the alcohol, a given 
diminution in hydrolysis should require a progressively lower alcohol 
concentration (Traube’s rule). This is what has been found, 1 e.g. the 
concentrations necessary to reduce the degree of hydrolysis from 7 % 
to 1 % are 26 %, 18 %, 9 % and 5 % for MeOH, EtOH, PrOH and BuOH 
respectively. 

Since the addition of alcohols to soap solutions lowers the critical 
micellar point it is to be expected that as the alcohol concentration in¬ 
creases the maximum in the hydrolysis curves (C m a*. = 2 C s ) should 
move to lower soap concentrations. The limit is reached when the 
solution is saturated with alcohol, in which event the maximum and mini¬ 
mum of the hydrolysis curve become identical and a normal curve results. 

A semi-quantitative analysis of these phenomena may be made on 
the general lines advanced in this paper, and may be exemplified by 
the system w-butyl alcohol-sodium oleate at 25 0 C. Using the equations 
already derived for the hydrolysis in aqueous solutions the following 
figures are obtained : 

I\ h (from 0 m ax.) = 7*4 X io~» g.-moles/l. 

K f = 1 x io 7 , 

C s == 1 X io“ 6 M 

(compare, for example, the value 0-7 — 1*2 X io~ s M given by Harkins 
etal. 17 ). It will be assumed that K k is not affected by the alcohol present, 
and in order to determine values of K F the density of the mixed micelle p 
will be taken as 3*3 independent of the alcohol concentration. As the 
alcohol concentration increases to saturation p will change from 3-3 to 
about 13, but this variation in p is not known quantitatively. 

Before K F can be found it is necessary to know how C s changes as 
alcohol is added to the solution. This may be estimated in a very ap¬ 
proximate manner from the known variation of the critical micellar con¬ 
centration of Aerosol M.A. solutions when phenol is added. 14 The 
estimation should not be seriously in error as phenol and «-butyl alcohol 
have similar solubilities in water at 25 0 C, and require similar volumes 
in micelles. 

With these assumptions K F may be computed for various values of p 
(i.e. for various alcohol concentrations) from the separation of the 
hydrolysis curves at high and low soap concentrations, i.e. from K F c s /p. 
When 4*7 % alcohol is present K F has fallen by a factor of 10. 

It is interesting to obtain some idea of how p mAx . changes with the 
addition of alcohol. Now 

/W = (eqn. 13) 

4 P 

i.«. fu. - x 

p 4 c s 

Kf c s/p 1S known from Powney and Jordan's data. K h has been calculated 
from the value of j5 ma x. when no alcohol is present. C s is known, ap¬ 
proximately, from the addition of phenol to soap solutions. Thus 0 mxx . 
can be calculated at various alcohol concentrations. Knowing 0 max . 
and the value of p when C = 0*003 M, the general shape of the hydrolysis 

17 Corrin, Klevens and Harkins, J. Chew. Physics, 1946, 14, 480. 




596 STUDIES OF SOAP SOLUTIONS 

curve in the presence of various concentrations of n-butyl alcohol may¬ 
be estimated. This is how Fig. 5 has been obtained. Clearly, when 
the solution is saturated with alcohol a normal hydrolysis curve should 
result. 



Fig. 5.—The effects of « -butyl alcohol upon the hydrolysis-concentration curve 
for sodium oleate at 25 0 C. 

The correctness of the above ideas may be tested by predicting the 
alcohol concentration necessary to reduce the degree of hydrolysis to a 
given value, say one-half of that in pure water. Again the system sodium 
oleate-w-butyl alcohol will be considered. Suppose, in the sodium oleate 
micelles, there is a fixed number of sites available for solubilized fatty 
acid and alcohol molecules. Then the concentration in the micelles of 

the alcohol molecules ( C A M ) will be given by 

C a m = C A B x e - AS'*/*? 

where A G A is the free energy of adsorption and C \j the concentration of 
the alcohol in bulk solution. The corresponding quantity for the fatty 

acid molecules ( C F M ) will then be 

Cm = C f b x e -ao'It, 

where AG F is the free energy of adsorption of the fatty acid and C% 
its concentration in bulk solution. Let us make the reasonable assump¬ 
tion that to reduce p by 50 % the number of alcohol molecules in the 
soap micelles must equal the number of fatty acid molecules. Hence 

C A _ c F 

i.e. x e-* 0 *lHT = cj X e - AG* 7 r!T. 

Now A G F — — RT log e K f and A G A = — RT log e K A , and for oleic 
acid, which has a value of K F close to that for palmitic acid due to the 
presence of the double bond (see Table II) K F const, x 3 1# . The 
corresponding value for C 4 H 9 OH would be K F =£= const, x 3 1 (Traube's rule). 
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Thus C$ = C£ x e(-^ F -A 9 A )/RT _ c F B x 3“. 

From the minimum in the hydrolysis curve in the absence of alcohol, 
r F = o*oi x 5 x io~ 5 = 5 X 10- 7 M. 

Thus Cj = 5X io-» x 3 ls M = 0-26 M = 1-9 %, 

i.e. a 1*9 % solution of ti-butyl alcohol should reduce the hydrolysis of 
sodium oleate at 25 0 C to 3*5 %. The experimental value found by 
Powney and Jordan is i*8 %. The agreement is excellent considering 
the approximations made in the calculation, and it would seem that the 
general interpretation presented here is substantially correct. 

We are indebted to Dr. G. S. Hartley for helpful discussions and to the 
D.S.I.R. for financial assistance to one of us (G.S.). 

Department of Colloid Science , 

Cambridge. 


AN EMPIRICAL EQUATION FOR THE RESONANCE 
ENERGY OF POLYCYCLIC AROMATIC 
HYDROCARBONS 


By (the late) P. G. Carter 

Received yth July, 1948 ; as revised $rd February, 1949 

The Branr h-Calvin relation between the corrected normal potential of an 
aromatic quinone and the number of Kckul6 structures 111 the liydroquinone 
A'h and quinone A’q is altered to the logarithmic form, 

Fq (corr.) =.- o*2(> -f 0*03 In A ; H /A r Q . 

From this an equation is derived for the resonance energy R of an aromatic, 
fused-ring hydrocarbon : 

R/f 3 -- O'iyD -f- 1*5 In A T - 1, 

where D is the number of double bonds and A’ the number of Kekule structures. 
A comparison with values of R /{3 calculated by the method of molecular orbitals 
shows that the equation is valid for bi- to undeca-cyclic hydrocarbons. 


The possibility of a relation between the normal reduction potentials 
of aromatic quinones and the change of resonance energy in passing from 
the quinone to the hydroquinone has been discussed by Branch and 
Calvin, 1 Evans, 2 Berliner * and Diatkina and Syrkin ; 4 all are agreed 
that such a relation should exist, but their methods of attack on the 
problem differ. In the reaction, 

Q + H, = QH„ 

(Quinone) (Hydroquinone) 

the oxidation-reduction potential e 0 is given by 

— nFe 0 — AG = A II — TAS, . . . (1) 

all symbols having their usual thermodynamic meaning. As pointed out 
by the first authors, A H can be considered to consist of two parts, AH' 
1 Branch and Calvin, The Theory of Organic Chemistry (New York, Prentice- 
Hall Inc., 1945). 2 Evans, Trans. Faraday Soc., 1946, 42, 113. 

8 Berliner, J. Amer. Chem. Soc., 194b, 68, 49. 

4 Diatkina and Syrkin, Acta Physicochim ., 1946, 21, 921. 

21 
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which represents the change of the energy as calculated from accepted 
bond energy values, and A R the resonance energy change. In the re¬ 
duction of a series of quinones, AS (which largely consists of the loss of 
the entropy of a mole of hydrogen gas) and AH' are both approximately 
the same for each member. Accordingly, eqn. (i) may be approximately 
rewritten : 

nFE o = k -f AR, . . . . (2) 

k being a constant equal to AH' — TAS. Plausible values of AH' and 
AS for this reaction at 298° K indicate that k will be small. Branch 
and Calvin relate the change of resonance energy AR to the function 

- “—- r Q , where N u and N Q are the number of Kekultf structures in the 
N u + Nq 

hydroquinone and quinone respectively. This function seems impossible 
to justify (it will be discussed below), but Branch and Calvin's plot of 

e 0 against is reasonably good, and after correcting the measured 

A H -f* JS/q 

potential for steric and other effects (E 0 (corr.)), surprisingly so. The 
whole range of available data for both 0- and j^-quinones of the mono- 
to penta-cyclic fused-ring systems fit into a relation of the form : 

L' 0 (corr.)^a + ^“~^. . . . (3) 

Evans 2 calculates AR by the method of molecular orbitals on the 
assumption of localization of bonds, a procedure also used by Diatkina 
and Syrkin, 4 and obtains linear relations with E 0 , the lines for o- and p- 
quinones being parallel. This method necessitates the calculation of the 
resonance energy for the hydrocarbon residue corresponding to each quinone 
and hydroquinone. 

Berliner 8 has confirmed eqn. (2) by using for AR the difference in 
empirical resonance energies obtained from combustion data, and finds 
that the plot of e 0 against AR for the range benzoquinone to anthra- 
quinone is a straight line passing through the origin. 

The Change of Resonance Energy In a Reaction.—There can be 
no doubt of the validity of eqn. (2), yet Branch and Calvin’s formulation 
of AR cannot be reconciled with it ; there is no way in which 

-can be separated (as it must be, since AR — R n — Rq) into 

N n + iVy 

two terms involving separately N n and Nq. The difficulty is resolved 
by the following considerations. 

In an aromatic hydrocarbon consisting of two portions linked by a 
single-bond or a resonance-blocking group (for example, diphenyl) the 
resonance energy is approximately the sum of the resonance energies of 
the component rings, but the number of Kekul£ structures is the product ; 
this suggests that if the resonance energy of an aromatic hydrocarbon 
is a function of the number of Kekul6 structures, that function must be 
a logarithmic one. In addition resonance energy is known to increase 
approximately linearly with an increase in the number D of carbon-carbon 
double-bonds (cf. the polyenes 6 ) and the possibility arises that the reson¬ 
ance energy of a fused-ring, aromatic hydrocarbon may be expressed by 
an empirical equation of the form, 

R = a + bD -f c In N . . . . (4) 

For the resonance energy of a hydroquinone we will set 

E h — a u + bD a -j- c In N n , . . • (5) 

that is, the resonance energy of a hydroquinone is equal to the resonance 
energy of the corresponding hydrocarbon, 

R = a -f bD -j- c In N, 

8 Lennard-Jones and Coulson, Trans. Faraday Soc., 1939, 35, 811. 
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plus an increment (independent of both I) and N ) equal to a H — a ; such 
increment including both the extra resonance due to the presence of the 
hydroxy groups and any steric or inductive effects which arise from the 
structure of the hydroquinone. Similarly, for each quinone, 

7 ?q = -f- bDq -f* c In Nq, , . . (6) 

where D Q refers to the number of carbon-carbon double bonds and N Q 
the number of Kekul6 structures in the hydrocarbon resulting from 
omission of the C =0 groups from the structure of the quinone. Thus 
both a H and will be expected to vary from substance to substance, 
whereas b and c should be constant. 

From eqn. (2), (5), and (6) : 


k -f A R — nFe 0 = 
Eo 


k (a H — dq) 4 b(D n 
(a u — a y ) __ b' . c 


Dq) 4- c In N H /Nq, 


nF 


— H—- In — 

nF nF Nq 


( 7 ) 


since D n — Dq — 1 (and b', the new constant, — k 4- 6). The second 
term on the left-hand side of (7) is in the nature of a correction to the normal 
potential for the effects mentioned above ; lack of data prevents its evalu¬ 
ation, but the assumption that it is equal to the correcting factor used 
by Branch and Calvin is justified by the results below. Eqn. (7) written 
as 


,, . . b C . N r» 

h Q (corr.) = —4- --- In * -- 

v ' nF r nF N 0 


(8) 


is confirmed by the good fit to a straight line obtained by plotting E 0 (corr.) 
against log N^/Nq : from the data of Table I the values of the coefficients 


TABLE I 

From Branch and Calvin 1 


Quinone 

*11 

N <t 

*0 

E 0 (corr. 

p- Benzo .... 

,, 

I 

0*71 

0*71 

a- Naphtha .... 

3 

2 

0*48 

0*53 

1 : 4-Anthra .... 

4 

3 

0*40 

0*45 

0 : 10-Anthra .... 

4 

4 

0*15 

0*2*) 

1 : 4-Phcnanthra 

5 

3 

o*53 

o*01 

1' : i'-Bcnzanthra . 

7 

0 

0*23 

0*36 

J ' : z* : 5': (/-Dibcnzanthra 

12 

9 

0*27 

0*42 

o-Benzo 

2 

1 

o*8i 

0*71 

/3-Naphtha .... 

3 

2 

0*58 

o* 5 t 

9 : 10-Phenanthra . 

5 

4 

0*46 

0*41 

1 : 2-Pht*nanthra 

5 

3 

o*00 

0*59 

3 : 4-Phenanthra 

5 

3 

O *02 

o*57 

1 : 2-Anthra .... 

4 

3 

0*49 

0*42 

1' : 2'-Bonzanthra-3' : 4'- . 

7 

0 

o*43 

0*38 

Chrysene .... 

Picene ..... 

8 

6 

°*47 

0*43 

13 

JO 

0*47 

o*43 


b'/nF and cjnF are found (least squares) to be 0*259 and 0*648 respectively, 
the standard errors being 0*008 and 0 02. The final form of the equation 
for the corrected potential is therefore 

E 0 (corr.) = 0*26 4- 0 65 In N n /Nq. . . . (9) 

Eqn. (9) gives results as good as those from Branch and Calvin's 
relation, and is superior in that the term involving N u and Nq may be 
expressed as a difference of a function of the variables. 
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A possible explanation of the success of the form 
(N u - N q )/(N a + N„) 

may lie in the result of expansion of a logarithm as a series : 

In * --= 2(x - i)/(x + x) + . . .; 
for x = A'jj/.Vq 

this first term becomes 

2(N„ - N q )/(A 1 h + IV,j). 

The Resonance Energy of Fused-ring Aromatic Hydrocarbons. 

—The values of b'/nF and c/nF, found from the reduction potential 
relation, when multiplied by nF and inserted in (4) give 

R = a + 11-987 D + 29-968 In N keal. . . (10) 

The value of the constant a must be determined from empirical resonance 
energies, and of the three known sets® 10 the value of 36-0 keal. for 
benzene (D — 3, N = 2), derived from Kistiakowsky's work on hydro¬ 
genation, has been selected. The resulting value of a is — 20-732 keal., 
and the equation for the resonance energy, 

R = — 20-732 + 11*9871) 4- 29-968 In N. 

This may be re-expressed, with negligible extra error, as 

R — 20-0 (o-6D 4- 1-5 In N — 1) . . . (n) 

The coefficient outside the parentheses is approximately equal to the 
value in keal. of the resonance integral j 3 so that finally : 

R/p ~ o-6J 0 4- 1-5 In N — 1. . . . (12) 

This equation was derived in 1944, but until recently data were lacking 
for making a comprehensive check of its accuracy; the required data are 


TABLE II 



1 


RIfi 







Combustion Data 

Hydrocarbons 

D 

N 



Bradbum, 

-- 

—- 




Empirical 

Syrkin and 

Coulson 

(a) 





Eqn. (12) 

Diatkina 

and 

Wheland,* 

(b) 






Ruskbrooke 

Chap. 3, 

Dewar 10 







Table 6 

17-2 keal. 







P ** a 22*3 keal. 


Naphthalene 

5 

3 

3'<>5 

3-08 

3*73 

3*45 

3-60 

Anthracene . 

7 

4 

3-28 

5*32 

3-21 

5*20 

5-12 

Phenanthrene 

7 

5 

5-61 

— 

— 

5*83 


Naphthalene 

9 

5 

6*81 

6*94 

6*68 


— 

Chrysene 

9 

8 

7*52 

7*20 

— 

7*31 

— 

Pyrene 

8 

6 

6*49 

6-48 

— 

6*82 

— 

Tri phenyl cue 

9 

9 

7 * 7 ° 

7-24 

— 

— 

— 

Perylene 

10 

9 

8-30 

8*24 

8-n 

— 

— 

Oil >e n zan th race n e 

II 

12 

9*33 

8-92 

— 

— 

— 

Pcntacene 

11 

6 

8-29 

8-54 

8-14 

— 

— 

1 lexacene 

*3 

7 

9*72 

10*12 

9*38 

— 

— 

lleptacene . 

15 

8 

11 -I 

— 

11-03 

— 

— 

Coronene 

12 

20 

10-7 

10-64 

10-56 8 

— 

— 

Chalkacene . 

L 5 

27 

12*9 

— 

12*56 

— 

— 

weso-Naphtluli- 








anthrenc . 

T 4 

t6 

n-6 

_ 

11*66 

_ 


Octacene 

17 

9 

12-5 

— 

12*48 

— 

— 


® Wheland, Theory of Resonance (New York, Wiley and Sons, 1944). 
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contained in a paper by Syrkin and Diatkina, 7 and in one (in press) by 
Bradburn, Coulson and Rushbrooke ; the molecular-orbital method is 
used in both cases. These two sets of resonance energies, and three cal¬ 
culated by eqn. (12) are compared in Table II. Bradburn, Coulson and 
Rushbrooke’s values (in terms of a resonance integral y) have been ob¬ 
tained in terms of p by multiplication by two. 

The last two columns of Table II list values of R/\S from combustion 
data, (a) from figures given by Wheland,® and (6) from a publication by 
Dewar ; 10 to reconcile the results with one another and with the values 
of R/p calculated by the molecular-orbital method, it is necessary to 
have different values of the resonance integral for the two cases ; these 
have been taken as 22*3 and 17*2 kcal. respectively. The latter value 
is that used by Syrkin and Diatkina. 7 

Good agreement is obtained throughout the range from bicyclic 
naphthalene to the three octacyclic compounds at the bottom of Table II, 
and this agreement extends as far as the undecacyclic hydrocarbon (I). 



(I) 


For substances having an increasing number of rings over eleven agree¬ 
ment becomes progressively less satisfactory ; this is of no practical 
disadvantage, because such substances (even if they are known) are rarely 
or never encountered. A statistical examination of the material has 
shown that the standard deviation of the empirical and calculated values 
of R/p (Table II, columns 5-8) about the empirical equation 

R/P = o*6D + 1-5 In N — 1 

is 0*207. The constants in this empirical equation are derived from the 
constants of eqn. (9) which are calculated from empirical data, and are 
therefore subject to error. The effect of these errors on the values of 
R/p obtained from the equation is not large compared with the standard 
error of 0*207 about the empirical equation, as shown by the following 
selected values : 

Anthracene (N = 4, D = 7) : a(R/p) = 0*050 ; 

Dibenzanthracene (N = 12, D = 11) : o(R/p) — 0*087 ; 

we$o-Naphthdianthrene (N = 16, D = 14) : o(R/p) — 0*131. 

The combined standard error when using the empirical equation to estimate 
R/P for the above three selected hydrocarbons is, respectively, 0*213, 
0*224, and 0*245. 

Eqn. (12) does not apply to ring systems containing other than six- 
membered rings, nor is it applicable to polyphenyl types without modifica¬ 
tion to allow for the extra resonance eneigy due to coupling of the phenyl 
residues. It is surprising that satisfactory results are obtained by using 
only Kekul6 structures, particularly in view of Pullman’s calculations, 9 
which show that in the series of linear ring hydrocarbons the KekuR 
structures become less and less important compared with excited structures 
as the number of rings increases. 

Applications of Eqn. (12). —From eqn. (1) and (12) : 

AG = A H' - TAS - 20*o(o*6AD + 1*5 In N % /N x ). 

7 Syrkin and Diatkina, Acta Physicochim., 1946, 21, 641. 

8 Coulson, Nature , 1944, 154, 797. 

9 (Mde.) Pullman, Thesis (University of Paris, Masson et Cie, 1946). 

10 Dewar, Trans. Faraday Soc., 1946, 42, 767. 
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This equation has been applied to the elucidation of various observations 
in the polycyclic aromatic series, for example hydrogenation, oxidation, 
isomerization, l)iels-Alder additions, and nucleophilic reactions of ketones, 
and it is intended to publish such applications in the near future. 

The author’s thanks are due to Prof. M. G. Evans, F.R.S., and to 
Prof. C. A. Coulson for helpful discussions, and to the latter for his kind 
permission to refer to the results of unpublished molecular-orbital cal¬ 
culations ; also to a number of colleagues, including Dr. O. L. Davies, 
for his statistical calculations. 

Imperial Chemical Industries Ltd., 

Research Laboratories, 

Hexagon House, 

Manchester, 9. 
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Elasticity and Anelasticity of Metals. By Clarence M. Zener. 
(University of Chicago Press, in the IT.S.A. ; Cambridge University 
Press, in Great Britain and Ireland.) Pp. ix + 170. Price 22s. 6d. 
net. 

“ Anelasticity has been chosen to denote that property of solids in 
virtue of which stress and strain are not single-valued functions of one 
another in that low stress range in which no permanent set occurs and 
in which the relation of stress to strain is still linear "—that defines 
what this book is mainly about. Elasticity is disposed of in a valuable 
summary of thirty pages. This starts immediately with crystal elasticity, 
but preserves simplicity by concentrating on the case of cubic symmetry. 
The author then turns to anelasticity. The elastic after-effect was made 
a scientific topic by Weber in 1825 : it became a favourite subject of 
learned theory about fifty years later and the mathematical methods 
devised by Boltzmann and others then have been repeatedly rediscovered 
ever since : spring-and-dashpot analogues, first devised by Poynting 
and Thomson, have also suffered subsequent elaboration, without much 
gain in understanding. Zener is too good a scholar to waste time in such 
distractions : his account of the formal theory is brief and to the point, 
and his main contribution here is a presentation which is not restricted, 
for example, to the case that only a small fraction of the stress relaxes. 
The review of methods of measurement covers only eight pages, constitut¬ 
ing a briefly critical index to the literature. Chapter VII," Physical 
Interpretation of Anelasticity," covers the remaining three-fifths of the 
book. 

The sort of physical explanations dealt with are most concisely in¬ 
dicated by the frontispiece, “ A typical relaxation spectrum," which 
shows six damping maxima in the frequency range 10 " 18 to 10 6 sec. -1 , 
attributed to intercrystalline thermal currents (peak frequency io 6 ), 
transverse thermal currents (io 2 ), interstitial solute atoms (io" 1 ), twin 
boundaries (10 6 ), the grain boundary (to~ 8 ) and pairs of solute atoms 
(io“ 18 ). Such a frequency as io~ 12 sec. -1 is naturally an extrapolated 
one : the temperature dependence of a relaxation frequency is of course 
one of the most important facts about it, besides providing a means of 
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simplifying its observation. This is an imaginary case, but there is no 
doubt of the separate reality of the phenomena, several of which are the 
discovery of Zener and his school. Those at the higher frequencies 
are explained beyond dispute. One can query the detail of some of the 
interpretations for the “ mechanical " band of frequencies below io" 1 . 
Here Zener diverges rather widely from current English thought, in 
attributing small importance to dislocations : his preference is for a 
picture of “ viscous-like behaviour " in slip-bands and in grain boundaries. 
This divergence would be entirely acceptable, if he would distinguish a 
little more clearly between “ These experiments are explicable by this 
theory " and “ These experiments conclusively prove the truth of this 
theory." However, the closing sections of Chapter VII are clearly meant 
to be somewhat speculative and controversial. The reviewer has the 
hardihood to think that some of these sections may be significantly 
different by the time the author writes his next edition ; if so, that will 
indicate progress to which Zener, and this little book, have been major 
contributors. 

F. C. F. 


Physical Aspects of Colour By P. J. Bouma. (Philips, Eindhoven, 
1947.) pp. 312. 

The late Dr. Bouma was an illuminating engineer who wrote this, 
book in a foreign language, during the closing phase of an incurable dis¬ 
ease, and under the shadow of the German occupation. It is, therefore, 
not surprising that he has disdained the prevailing fashion of endeavouring 
to establish a bubble reputation for brilliance by shining his light into 
the observer’s eyes, but has chosen rather to direct it on to his subject. 
The vague hinterland between objectivity and subjectivity is lit up by 
his clarity and sincerity of approach, in the reconciliation pf the appar¬ 
ently objective Newtonian analysis of colour with the subjective attitude 
of the Goethe philosophy, in which the observer’s eye, with its limited 
trichromatic sensibility, replaces Newton’s sun as the central point of 
the universe. 

The content of the book is well defined by the sub-title, “ An Intro¬ 
duction to the study of Colour Stimuli and Colour Sensations." 

S. M. N. 


Symposium on Internal Stresses in Metals and Alloys. Published 
by the Institute of Metals. Pp. viii -f 485. 

This book contains a collection of 36 papers presented to the Institute 
of Metals in October 1947, on various aspects of internal stresses in metals 
and alloys. The papers arc classified into the measurement, origin, 
control, removal and effects of these stresses, presenting the reader with 
a comprehensive account of the present state of knowledge on this subject, 
and should tie of great value to engineers, metallurgists and physicists. 
The theme running throughout the book is admirably expressed by Prof. 
Hugh O’Neill, who introduces his paper with the comment " Residual 
stresses, like fire and water, are good servants, but bad masters ", 
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Papers on the measurement of internal stress by mechanical, magnetic, 
electrical and X-ray methods are included, and it is apparent from the 
work of Dr. W. A. Wood, Dr. H. Lipson, Mr. D. E. Thomas and Mr. G. B. 
Greenough that a precise interpretation of the relation between internal 
stress and X-ray line broadening is still a matter of controversy. The 
increased strain resistance of metals obtained by shot-peening and auto- 
frettage, which processes pre-stress the material, are important advances 
which are likely to be increasingly developed. The origin and nomen¬ 
clature of internal stresses are considered by Dr. E. Orowan and Prof. 
F. C. Thompson, and Lazio’s theoretical papers critically reviewed by 
Mr. F. R. N. Nabarro. It is shown that internal stresses exist as a result 
of differences of thermal expansions of separate phases. Boas’ and 
Honeycomb’s work on the plastic deformation obtained by submitting 
non-cubic metals to thermal cycles is summarized by Dr. F. P. Bowden. 
It is of interest to point out here that similar effects have been found 
with iron, a cubic metal, when the thermal cycles are at the y-a trans¬ 
formation temperature. 

An invaluable feature of many of the papers is the attention drawn 
to problems on which much work still requires to be done. The formula 
derived by Sir I^awrence Bragg, y — 5-5 s/t, where y is the elastic limit 
of strain, s the interatomic distance, and t the mean glide distance during 
deformation, can only be checked when the order of magnitude of t is 
known. Similarly, it is pointed out by Prof. J. H. Andrew and Dr. H. 
Lee that a complete understanding of hydrogen embrittlement must 
depend on further knowledge of crystallite sizes and mosaic blocks, to be 
associated with the t of Bragg’s equation. The important problem of 
calculating the stresses in large masses of steel cooling from the austenitic 
region has been carried out by Mr. J. E. Russell. This author indicates 
that because of the meagre data available, no precise figures are obtainable 
Heat emission and volumetric changes during transformation and the 
rheological behaviour of iron at high temperatures were largely unknown. 

The work of Dr. E. Orowan and Mr. J. F. Nye on transparent poly¬ 
crystalline material observed under strain with a polarizing microscope 
might well have been included as a complete paper, for this elegant tech¬ 
nique for observing and measuring stresses should prove to be of great 
value in assessing physical theories. The suggestion of Mr. D. O. Sproule 
for the development of ultrasonic methods of measuring internal stress 
is worthy of serious consideration. Such a method has the dual advantage 
of being non-destructivc and of exploring the metal in depth. Finally, 
it would have been worth while to include a subject index, for the papers 
presented form an invaluable reference work on the subject of internal 
stress in metals, 

J. S. 

Electrons, Atoms, Metals and Alloys. By W. Hume-Rotheky. 
(The Louis Cassier Co. Ltd., 1948.) Pp. vii + 371. Price 25s. 

The price of the above book, reviewed in the Trans. Faraday Society, 
1949, 45 , 303, was erroneously given as 30s. The published price is 25s. 
and, in consequence, the statement that “ the book, being of the more 
popular' type, should, it is felt, be priced more moderately,” is regretted 
and withdrawn. 



DIELECTRIC LOSS IN SWOLLEN RUBBER 


By A. Schallamach and P. Thirion 
Received 19 th January, 1949 

Tt is shown experimentally that the dielectric loss-tangent curves of swollen 
vulcanized rubbers as function of the temperature have one maximum if the 
swelling agent is non-polar but two maxima if it is polar. Rubber swollen in 
polar solvent differs therefore in its dielectric behaviour from polar liquid 
mixtures which have in general only one loss-tangent maximum 1 and it is sug¬ 
gested that this difference is due to the chain structure of the rubber. 


In a recent paper, 1 it was shown that binary polar mixtures containing 
only non-associated, or only associated, liquids have normal loss-factor 
against temperature curves with one clear maximum. On the other 
hand, the dielectric characteristics of mixtures of a non-associated and 
an associated liquid are not normal, and their loss-factor curves have 
two well-marked maxima when the dielectric losses in the two com¬ 
ponents are comparable. It was deduced from these findings : (1) that 
dielectric relaxation involves a relatively large volume, and (2) that 
mixtures of a non-associated and an associated liquid are inhomogeneous 
on the molecular scale. 

Vulcanized rubber and other high polymers behave dielectrically like 
liquids with a long relaxation time, as far as can be judged by the frequency- 
and temperature-dependence of their dielectric constants. If the analogy 
is complete, vulcanized rubber swollen in polar solvents should behave 
dielectrically like a liquid mixture but the experiments reported here 
show that in fact rubber swollen in polar solvents exhibits invariably 
two loss-tangent maxima. These results contradict the findings of 
Alexandrov and Dzhian 2 who obtained only one maximum in the system 
rubber-bromobenzene. 


Experimental 

The measurements were carried out at frequencies from 100 kc./sec. to 40 
Me./sec., using a resonance method. As this band is too small to cover the 
frequency dispersion range, we measured, as a rule, the temperature dispersion 
at different constant frequencies. The rubber samples were put into a small, 
shielded, parallel-plate condenser which fitted into the thermostat described 
in an earlier communication 3 where also details of the experimental method 
are given. Measurements could be made at temperatures from — 180 0 C to 
+ 70° C. As the dimensions of the rubber changed considerably in such a 
wide temperature range we determined only the loss-tangents in the calculation 
of which the dimensions of the sample cancel out. 

Most of the experiments were made with a vulcanizate of natural rubber 
compounded as follows : Crepe ioo, S 3, ZnO 2, accelerator 0*3, and cured at 
142 0 C for 30 min. Some measurements were made with a cured Neoprene 
of the following composition : Neoprene GN 100, stearic acid 0*73, MgO 4, 
ZnO 1, accelerator 0*5, antioxidant 2 and cured for 30 min. at 142 0 C. The 
swelling agents were ; w-heptane, medicinal paraffin, tsoamyl bromide, bromo- 
benzene, di-w-butyl ether, all of which were commercial products, and di-geranyl 
ether which was kindly made for us by Dr. Naylor. These liquids, with the 

1 Schallamach, Trans. Faraday Soc ., 1946, 42A, 180. 

1 Alexandrov and Dzhian, Tech. Phys. U.S.S.R., 1938, 5, 836. 

8 Schallamach, Trans. Faraday Soc., 1946, 42, 495. 
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exception of bromobenzcne, were chosen because they do not crystallize at low 
temperatures. Special care was taken to ensure that equilibrium between 
solvent and rubber had been established before measurements were begun. 
The swollen samples were left for at least 24 hr. in nitrogen, at room temperature 
with the mobile solvents and at 6o° C with medicinal paraffin and di-geranyl 
ether. 


Results 

Fig. 1 shows the influence of the imbibition of non-polar solvents on the 
loss-tangent of vulcanized rubber. The curves are in all cases displaced to¬ 
wards lower temperatures as compared with the dry rubber but the effect of 



Fig. 1. —Loss-tangent of vulc. nat. rubber dry (•) and swollen with 287 % 
of w-heptane (O). with 58 % of w-heptane (3) and with 60 % of med. 
paraffin ()o() at 4-4 Me./sec. against temperature °C. 


medicinal paraffin is small in this respect. As for the height of the peaks, it 
should be remembered that the dielectric loss in the swollen rubber is, of course, 
smaller but that for a given concentration of dipoles the maximum will be the 
larger the lower the temperature at which it occurs. 

Fig. 2 shows loss-tangent curves of rubber with different concentrations of 
tsoamyl bromide. This graph indicates two dispersion regions, most clearly 
so for the sample containing 30-8 % by volume of the bromide. At this fre¬ 
quency, tan 8 for the pure liquid has its maximum at about — 120° C. The 
relative heights and position of the maxima show that the peak at the higher 
temperatures is associated with the rubber, and the low-temperature peak with 
the solvent. The heights of the maxima are temperature-dependent as seen 
in Fig. 3 where dispersion curves at two different frequencies are given for a 
constant concentration of 30 % bromide. The rubber peak becomes more 
pronounced at lower temperatures and frequencies. This is the normal trend 
in dielectric measurements, but the solvent-maximum becomes at the same time 
lower and broader. We do not think that this abnormal frequency dependence 
is in any way a peculiarity of the rubber because it can be observed in other 
viscous mixtures. We found, for example, that a mixture containing 70 % 
medicinal paraffin and 30 % tsoamyl bromide gave the following loss-factor 
maxima : 


Frequency (kc./sec.) 

8540 

100 


Temp. (°C) 

- 89 
-1x7 


Loss-factor 

o-3i3 

0-239 


The effect may be due to a temperature-dependent distribution of relaxation 
times. 






Fig. 3. —Loss-tangent of vulc. nat. rubber swollen with 30 % of isoamyl bromide 
at 9*2 Me./sec. (O) and at 1-18 Me./sec. (•) against temperature °C. 
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In order to satisfy ourselves that the irregularities of the loss-tangent curves 
are not simply due to the temperature variation, we determined in this one 
case the frequency dispersion at constant temperature. The result, as shown 
in Fig. 4, although not giving the complete dispersion range, confirms the exist¬ 
ence of a double maximum. 



Fig. 4. —Loss-tangent of vulc. nat. rubber with 26 % of isoamyl bromide at a 
constant temperature of — 36° C against frequency. 

Measurements with bromobenzene as solvents were difficult because this 
liquid crystallized out at even moderately low temperatures but it was possible 
to show (Fig. 5) that there are again two maxima of the loss-tangent. Hysteresis 



Fig. 5. —Loss-tangent of vulc. nat. rubber swollen with 27*6 % of bromo¬ 
benzene at 8*90 Me./sec. (O) and at 1*48 Me./sec. (•) against temperature °C. 

found between measurements with falling and with rising temperature is in¬ 
dicated by the arrows in the curve for 1*48 Me./sec. and is obviously due to 
crystallization. Ihe system rubber-bromobenzene was not studied in detail, 
but our data do not bear out the findings of Alexandrov and Dzhian * as 
mentioned above. 
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Results obtained with di-w-butyl ether are given in Fig. 6. The ether being 
less polar than isoamyl bromide, its influence is not very marked when present 
in a low concentration ; there is, however, another effect which is best seen at 
low concentrations and consists in a small maximum at rather low temperatures, 



Fig. 6.- Loss-tangent of vulc. nat. rubber dry (•) and swollen 10-4 % (O). 
42*5 % (A) and <>(> % (;o0 of di-butyl ether at 4-4 Me./sec., and with 19-4 % 
at 0*23 Me./sec. (3) against temperature °C. 


i.e. ~ 114° C at 4-4 Me./sec. and — 140'' C at 0*23 Me./sec. This new maximum 
disappears, or is masked, at higher concentrations where the loss-tangent curves 
become similar to those of the bromides. 

Fig. 7 gives the loss-tangent curves of the system rubber-digeranyl ether 



Fig. 7. —Loss-tangent of vulc. nat. rubber (•), of di-geranyl ether ( 3 ) and of 
the rubber swollen with 58 % of the ether (O) at 4*4 Mc./sec. against 

temperature °C. 

and of the pure ether. A rather high volume fraction was used because the 
dielectric constant of this ether is low and it would not show up very well in 
lower concentrations. There appear to be two maxima although the resolution 
is not very good because, of the proximity of the original peaks. 
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Finally, we give in Fig. 8 the dielectric losses in Neoprene, and in Neoprene 
swollen by 51 % of isoamyl bromide. Neoprene is, of course, strongly polar 
so that a high volume fraction of the bromide was necessary. The figure shows 



Fig. 8.-—Loss-tangent of cured Neoprene (•) and of Neoprene swollen with 
51 % of isoamyl bromide (O) at 4-4 Me./sec. against temperature °C. 

that the effect of the solvent on this synthetic rubber is essentially the same as 
on natural rubber, with the only difference that the losses in the Neoprene are 
larger than in the bromide. 


Discussion 

Whatever the solvent, the loss-tangent curves of swollen rubber 
have at least one maximum which must be attributed to the rubber 
itself. This maximum is shifted towards lower temperatures by an 
amount which depends on the molecular weight, and so on the viscosity, 
of the solvent. This is shown graphically in Fig. 9 where logarithms of 
the dielectric relaxation time t (— 1/2 rt frequency) are plotted against 
the reciprocal of the absolute temperature at which the rubber-maxima 
occur. It will be seen that heptane and tsoamyl bromide have ap¬ 
proximately the same effect for the same degree of swelling but that the 
displacement of the peak becomes less as one progresses to liquids of 
higher molecular weight until one reaches medicinal paraffin which has 
very little effect. Mobile solvents increase therefore the mobility of 
the rubber-dipoles, and in their action they are similar to plasticizing 
agents, such as diphenyl, in polyvinyl chloride and other high polymers. 

The appearance of a second maximum when the solvent is polar shows 
that rubber- and solvent-dipoles move independently. Although these 
curves look very much like the loss factor curves of non-homogeneous 
liquid mixtures, 1 there is little reason to assume that the effect is here due 
to a non-random distribution of the solvent. All the liquids which we 
used are good swelling agents, the internal energy-changes accompanying 
swelling are very small and the plasticizing action of the solvents can 
only be understood as brought about by random distribution. We might 
also point out that the solvents in swollen rubber are subject to the reverse 
of plasticization in that their loss-tangent maxima are brought by the 
rubber to much higher temperatures than those of the pure liquids. The 
only case where there is a suspicion of inhomogeneity is rubber swollen 
* in di-M-butyl ether. The pure liquid relaxes with a frequency of 20 
Me./sec. at — 114 0 C so that the small maximum occurring below 
— ioo° C when the concentrations are low (Fig. 6) suggest that there 
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was some free ether in the 
system but it is possible that 
this was due to the freezing-out 
of liquid at low temperatures. 

Having ruled out inhomo¬ 
geneity as an explanation of 
the two maxima their existence 
could be explained as a con¬ 
centration effect. Assuming 
that each S atom forms one 
dipole, one has only one dipole 
to each 16 isoprene units in a 
rubber containing 3 % of com¬ 
bined S. The average distance 
between these dipoles is com¬ 
paratively large even if the 
rubber is only lightly swollen, 
and it is possible that rubber- 
and solvent-dipoles cannot 
relax simultaneously because 
the zone involved in di¬ 
electric relaxation is too small. 
This effect must show up at a 
certain degree of dipole dilu¬ 
tion but it cannot wholly 
account tor our results because 
it does not explain the two 
maxima of swollen Neoprene 
(Fig. 8) where the dipole con¬ 
centrations are of the same 
order of magnitude as in 
some liquid mixtures which 
exhibit only one relaxation 
mechanism. 1 

We suggest that the two 
relaxation mechanisms in 
swollen rubbers are a specific 
effect of the chain structure 
of the rubbers. The chain 
structure imposes an addi¬ 
tional restriction on the 
motion of rubber dipoles and 
it appears that the relaxation 
of a rubber dipole is condi¬ 
tioned by another type of 
activation than that of liquid 
dipoles. 

We wish to thank Dr. 
R. F. Naylor for having 
prepared for us the digeranyl 
ether. 

The work reported above 
forms part of the programme 
of fundamental research un¬ 
dertaken by the Board of 
the British Rubber Producers' 
Research Association. 

The British Rubber Producers* 
Research Association, 

Tewin Road , 

Welwyn Garden City, 
Herts . 



Fig. 9. Log r — f(l/T) for nat. rubber and 
Neoprene swollen with the indicated percent¬ 
ages of solvent. 


In the uppermost section of the figure : A 
denotes vulcanized natural rubber swollen 
with medical paraffin and O 3 Lf with n- 
heptane. 




TABLES OF OSMOTIC AND ACTIVITY 
COEFFICIENTS OF ELECTROLYTES 
IN AQUEOUS SOLUTION AT 25° C 

By R. A. Robinson and R. H. Stokes.* 

Received, 25th January, 1949 

The concluding part 1 of A Thermodynamic Study of Bivalent Metal 
Halides in Aqueous Solution contained tables of the osmotic and activity 
coefficients of 45 electrolytes of 2-1 and 1-2 valency type. The values 
were based on isopiestic data and had all been recalculated to conform 
to the most recent values of the four reference electrolytes on which the 
interpretation of the isopiestic data depended, viz., sodium and potassium 
chloride, 2 calcium chloride and sulphuric acid. 1 - 3 - 4 As considerable 
effort has been expended on obtaining values for these four electrolytes, 
it is our hope that they are reliable and not likely to require substantial 
modification ; it should therefore be of use to compile tables of the osmotic 
and activity coefficients of electrolytes of other valency types, also re¬ 
calculated to be consistent with the data for the four reference electrolytes 
and with the data for the 1-2 and 2-1 salts. Tables have been given 
by Lewis and Randall 6 and by Guggenheim 8 (most of the data relating 
to the freezing point) and, more recently, by Harned and Owen, 7 but the 
tables given in this paper are more extensive and consist mainly of data 
which have been revised in the light of recent knowledge of our reference 
electrolytes. 

Definitions.—If an electrolyte in aqueous solution at a stoichiometric 
concentration m (in mole/iooo g. water), dissociates into v ions of which v + are 
cations and v ~ anions, the mean ionic molality is defined by 

= (/+ v’-yt'm .( 1 ) 

and the “ practical ” activity coefficient is defined by 

+ v RT In y± m±, . . . . (2) 

5 being the partial molal free energy (per mole electrolyte) and 5 ^ the free 
energy in a standard state so chosen that y± -> i as m± o. 

There is also a “ rational " activity coefficient defined by 

Z = +vRTlnf±N ± . . . . (3) 

N± being the mean ionic mole fraction, 

N ± = w ± /(55-5i + vm ) .(4) 

The two activity coefficients are related by 

In f± — In y± 4- In (1 -f* o*oi8v m). . . . . (5) 

Similarly there is a practical M osmotic coefficient ^ defined in terms of the 
partial molal free energy of the solvent by 

^H,0 = g h,o “ ^ RT vm / 55 ' 5 * .(6) 

* Imperial Chemical Industries Fellow, University of Cambridge. 
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and a “ rational ” osmotic coefficient g given by 

^H,0 ~ ^H,0 + In N Ht0 » • (7) 

where N n%0 = 55-51/(55-51 + v™). 

The two osmotic coefficients are related by 

g — <f>(i 4- 0*009 vm). . . . . (8) 

Unlike eqn. (5), eqn. (8) is only an approximation but the error introduced is 
not larger than the experimental errors of measurement; thus, even at vm — 8, 
eqn. (8) gives g/</> 1*072 instead of 1*070. 

In this paper we shall be concerned with the practical osmotic coefficient <f> 
and the practical activity coefficient which, for brevity, we shall write as y. 
Moreover, the water activity, given by 

S H ,0 = ^H,0 + RT In .(9) 

and the relative vapour pressure of the solution, 

PlP° = a, w , 

can be obtained from the osmotic coefficient by the relation, 

^ — — 55‘5i/»^« In a w , 

or log 10 a w « log l0 p/p° — — 0*007824 vm<j>. 

Calculation of <f> from y and the converse is made by some form of the Gibbs- 
Puhem equation. The procedure outlined by Randall and White • is convenient 
for the calculation of y if values of <f> are known, using the equation, 

I m 

(1 — ^)d In w; . . . (io) 

0 

it is often convenient to use the equivalent integrals, 

J(i — </>)/m dm, or 2 j*(i — <f>)J^/ni dy'm 

for graphical or tabular integration. As a matter of computation the calculation 
of <f>, if y is known, presents more difficulty and this has recently been considered 
by Stokes.® 

Many of the data given in the following Tables have been obtained by iso- 
piestic vapour pressure measurements. The experimental results of this method 
are expressed as pairs of molalities of solutions of equal vapour pressure, one 
solution being that of the electrolyte being studied and the other that of one of 
tlie reference electrolytes, such as sodium chloride or sulphuric acid, whose 
<f> and y values are thought to be known with considerable accuracy. It must 
be emphasized, however, that any errors in the ^ and y values of the reference 
electrolytes is reflected in the <f> and y values for other salts and any change 
in the data for the reference electrolytes entails extensive recalculation for other 
salts. The isopiestic measurements having been made, if wi R is the molality 
of the solution of the reference electrolyte and m that of the salt being studied, 
a plot of the isopiestic ratio, R ~ m E /m, against m is made. Usually there is 
no difficulty in drawing a smooth curve through the points from which values 
of R at round values of m can be read. (Any undue scattering of the points is 
to be regarded with suspicion ; it will occur with volatile electrolytes such as 
hydrochloric acid or salts like ferric chloride which exhibit ageing effects.) 
From these values of R, the osmotic coefficient is calculated by the equation, 

t>4> — Vret R^ret, • • • • . (il) 

it being assumed thidt <f> Tet has been tabulated at close intervals over a wide 
concentration range Of the reference electrolyte. Thus ^ can be obtained up¬ 
wards from the lowest concentration (about o* 1 m) at which the isopiestic method 
works. It should be noted that there is no difficulty in obtaining ^ at the lowest 
concentration because the osmotic coefficient is derived directly from the ex¬ 
perimental data. To obtain y, however, an integration must be made as in eqn. 
(10) which introduces the difficulty that we do not know 

r m — 0-1 

f (1 — j>) d In m . 

J»wO 

22 * 
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If we proceed by an alternative, although essentially equivalent, method using 
an equation given by Robinson and Sinclair : 10 

J mr 

q (R — 1) d In vrW r , . . (12) 

we have the same difficulty of not knowing the value of the integral between 
m — o and m — o-i. In many cases where both electrolytes are of the same 
valency type, it is possible to extrapolate the R against m curve to unity at 
m =5 o with considerable confidence, in which case the integral in eqn. (12) can 
be evaluated. In some cases y at w — o*i is known from other measurements, 
e.g. data for the zinc halides are available from e.m.f. work. The y values given 
by the isopiestic method are, therefore, accurate relative to the value at m *= o*i 
but the latter does not necessarily have high accuracy ; in some cases such as 
sodium chloride or calcium chloride, y at o-i w is known with accuracy from 
other measurements and we should be reluctant to change the values selected. 
In other cases, e.g. sodium iodide, the values at o*i m are known with fair cer¬ 
tainty by extrapolation of the R curve to m = o and, whilst the values at o-i m 
given in the following Tables are subject to change, we doubt if they are in error 
by more than perhaps 0*005 in y. Of course, if the y values at o*i m are changed, 
then the y values at other concentrations must be changed pro rata . In some 
cases, however, particularly with salts of high valency type, e.g. aluminium 
sulphate, the values selected for m — o*i are little more than a guess and almost 
certainly open to revision. Such values we have indicated in the following 
Tables by enclosing them in parentheses. 

Osmotic and Activity Coefficients. —The following Tables give practical 
osmotic and activity coefficients at 25°. We have included data for one non¬ 
electrolyte, sucrose, 10 * n » 12 which should be useful as a reference solute for iso¬ 
piestic measurements on other non-electrolytes, but we have omitted data derived 
from isopiestic work on glycerol and urea i2 and an interesting series of measure¬ 
ments on 18 amino-acids. 13 Some recent determinations on sodium and potassium 
acid sulphate 14 have also been omitted because, whilst the isopiestic data 
enable the vapour pressures to be calculated, the dissociation of the bisulphate 
ion makes <j> and y values of little use. In addition, reference only is made to 
measurements 16 on a series of sodium salts of fatty acids up to the cuprate. 

The following notes will enable some estimate of the reliability of the data 
given in the Tables to be made. 

Some of the data depend on isopiestic measurements only and no confirma¬ 
tion is available from other techniques. This holds for the following salts : 
lithium iodide, perchlorate, nitrate, acetate and toluenesulphonate ; sodium 
chlorate, perchlorate, bromate, nitrate, acetate, toluenesulphonate, thiocyanate 
and phosphate ; potassium fluoride, chlorate, bromate, nitrate, acetate, toluene¬ 
sulphonate, thiocyanate and phosphate ; the five rubidium salts ; caesium 
bromide, iodide, nitrate and acetate ; silver nitrate; the three thallium salts, 
magnesium, manganese and nickel sulphate ; all the trivalent metal salts (for 
lanthanum chloride independent isopiestic measurements are in good agree¬ 
ment) ; potassium ferrocyanide and ferricyanide ; aluminium and chromium 
sulphate and thorium nitrate. 

With some it is possible to compare the osmotic and activity coefficients 
with those derived from freezing point measurements but there are seldom 
sufficient heat content data available to estimate the temperature correction 
exactly ; nevertheless, it is found that the activity coefficients at o*x m usually 
agree within 1 % at the two temperatures ; only in the case of lithium nitrate, 
potassium nitrate, potassium chlorate and sodium acetate do differences of up 
to 2 % appear but the heat content data available are not sufficient to tell us 
if this difference is real or due 10 error in the activity coefficients at either 
temperature. 

Hydrochloric Acid —The values of y between o*i and 4 m are taken from 
the very careful work of Ilarncd and Ehlers, 1 ® interpolated at some concentra¬ 
tions by means of the Debye-IIiickel constants given by Harned and Ehlers. 
Osmotic coefficients have been calculated by the method outlined by Stokes.* 
Randall and Young 17 quote values of y between 1*2 and 4 m which are, on the 
average, 0-35 % higher (i.e. a difference equivalent to o*i8mV). The data in 
the Tables for concentrations above 4 m are taken from the paper of Randall 
and Young, some intermediate values being obtained by Bcssclian interpolation. 
The values above 4 m are supported by the data of Akerlbf and Teare u whose 
y values exhibit an average deviation of 1 % from those of Randall and Young. 
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Hydrobromic Acid. —The y values are from Harned, Keston and Donelson; 11 
interpolation has been made at some concentrations by the use of their Debye- 
Hiickel constants and ^ has been calculated by the procedure of Stokes.* 

Hydriodic Acid. —The values depend on isopiestic data only. 80 

Perchloric Acid. —The isopiestic <f> values agree within 1 % with those 
derived from the direct vapour pressure measurements of Pearce and Kelson.* 1 
Their y values are, however, very different. 

Nitric Acid. —The y values are those obtained from freezing point measure¬ 
ments by Hartman and Rosenfeld 42 with some interpolations added. The 
<f> values are computed from these. 

Lithium Hydroxide. —y values are from the e.m.f. measurements of Harned 
and Swindells H with interpolations at some concentrations. 

Lithium Chloride and Bromide. —The isopiestic data are confirmed up 
to 2 tn by the e.m.f. values of Harned 23 which agree within o-8 % with the iso¬ 
piestic values ; above 2 m, however, there are considerable differences and, 
because the lithium amalgam electrode is known to be erratic, we think that 
the isopiestic data are to be preferred. 

Sodium Hydroxide. —Up to 2 m, y values interpolated from the e.m.f. 
measurements of Harned 14 and of Harned and Hecker 86 have been used ; above 
2 tn we have used the isopiestic measurements of Stokes : 26 it should be noted 
that the values of y due to Akerlof and Kegeles 27 are considerably different— 
by about 3 %. 

Sodium Fluoride. —Attention should be drawn to the e.m.f. measurements 
of Ivett and De Vries 28 which do not agree well with the y values tabulated 
from isopiestic data. 

Sodium Chloride. —-Harned s 23 e.m.f. values pf y (extending up to 4 tn) 
do not differ from those in the Tables by more than 0*004 in y at any con¬ 
centration and only differ on the average by 0*3 %. Similar data by flamed 
and Kims 30 give an average difference of 0*5 %, there being a difference of 0*009 
in y at 4 tn. The y values of Olynyk and Gordon 31 between 1*5 and t> m agree 
within 0*3 % whilst <f> values calculated from the direct vapour pressure measure¬ 
ments of Kegus 310 agree within 0*2 % from 1 to 5 tn. 

Sodium Bromide. —The isopiestic data quoted in the Tables agree within 
o*2 % with the e.m f. data of Harned and of Harned and Crawford 32 up to 
2 m ; between 2*5 and 4 m their data are higher by about 1*5 %. 

Sodium Iodide.— The isopiestic data are in good agreement with the values 
quoted by Harned, 23 the average difference being 0*3 % in y up to 1 tn (the highest 
concentration at which e.m.f. measurements were made). 

Potassium Hydroxide. —Up to 4 m we have used values calculated from the 
E.M.F. measurements of Harned and Cook 33 and above 4 tn those of Akerlof 
and Bender. 34 

Potassium Chloride. —The values quoted in the Tables agree with those 
of Harned 23 and of Harned and Cook 33 with an average deviation of 0*4 %. 
Moreover, the direct vapour pressure measurements of Lovelace, Frazer, and 
Sease 360 can be corrected from 20° to 25 0 to give values of <j> which agree \sithin 
°*3 %• 

Potassium Bromide and Iodide. —The values in the Tables for the bromide, 
taken from isopiestic data, are within 0*3 % of those given from e.m.f. data by 
Harned. 23 Similarly, the data for the iodide agree within 0*3 % up to 1 m 
above which the e.m.f. values are 2 % higher. 

Caesium Hydroxide. —The data quoted are derived from the e.m.f. measure¬ 
ments of Harned and Schupp. 38 

Caesium Chloride. —The data in the Tables, from isopiestic measurements, 
exhibit an average deviation of only 0*5 % from the e.m.f. data of Harned and 
Schupp. 

Copper Sulphate. —The e.m.f. data of Kielsen and Brown 37 are within 2 % 
of the isopiestic y values whilst the values of Wetmore and Gordon 38 are within 
i '5 %• 

Zinc Sulphate. —Bray 38 has made measurements which yield activity co¬ 
efficients which differ, on the average, by less than 2 % from the isopiestic values 
quoted. 

Cadmium Sulphate .—The e.m.f. data of LaMer and Parkes 40 do not agree 
with the isopiestic values that we have used, there being differences of the order 
of 13 %. 
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TABLE I.—Osmotic Coefficients at 25° C 


m 

HC 1 

HBr 

HI 

hcio 4 

HNOg 

LiOH 

LiCl 

LiBr 

Lil 

LiC 10 4 

LiNO* 

o*i 

0*943 

0-948 

0*953 

0*947 

0*940 

0*920 

0*939 

o *943 

0*952 

0*951 

0-938 

0*2 

0-945 

0*954 

0*969 

0*951 

0*935 

0*902 

0*939 

o *944 

0*966 

o *959 

o *935 

0*3 

0*952 

0*964 

0*984 

0*958 

0*936 

0*890 

0-945 

0*952 

0*980 

0*971 

0-940 

04 

0*963 

0*978 

l-OOI 

0*966 

0*940 

o*88i 

0-954 

0*960 

0*995 

0*985 

0-946 

o -5 

0*974 

0*993 

1*019 

0-976 

o *944 

0*875 

0*963 

0*970 

1*008 

0*999 

o *954 

o-6 

0-986 

1*007 

1*038 

0-988 

0*950 

0*869 

0*973 

0*981 

1-022 

1*013 

0-962 

07 

0-998 ' 

1*023 

1*057 

1*000 

0*957 

0*866 

0*984 

o *993 

I-O34 

1*027 

0-970 

o-8 

I-OII 

1*038 

i*o 75 

1*013 

0*964 

0*863 

0*995 

1*007 

1*049 

2*043 

0*978 

09 

1-025 

1*054 

1094 

1*026 

0*971 

o*86i 

1*006 

1*021 

1-063 

1*058 

0*987 

I’O 

1*039 

1*072 

1*113 

1*041 

o *979 

o*86o 

1*018 

1-035* 

i;o8q 

1-072 

0-997 

1*2 

1*067 

— 

1153 

1*072 

0*994 

0*863 

1*041 

1*067 

i*iii 

1*104 j 

1-015 

x *4 

1*096 

— 

1*193 

1*106 

1*009 

o*866 

1*066 

1*098 

1*143 

1137 

1033 

1*6 

1*126 

— 

1*233 

1*141 

1*025 

0870 

1*091 

1*130 

1*176 

1-170 

1-052 

i-8 

i*i 57 

-- 

1*273 

i*i 75 

1*042 

0*872 

1*116 

1*163 

1*212 

1*204 

1*070 

2*0 

1*188 

— 

i* 3 i 5 

1*210 

1*060 

0*875 

1*142 

1-196 

1*250 

1*238 

1-088 

2'5 

3*266 

— 

1-424 

1*305 

1*106 

0*882 

1-212 

1-278 

1*351 | 

1*328 

1134 

3*0 

1 * 34 # 

— 

1*535 

1*406 

1*154 

0*886 

1-286 

1-364 

1*467 

1*419 

i*i8i 

3*5 

1*431 

— 

— 

x* 5 ii 

— 

0*889 

1-366 

1-467 

— 

1*512 

1-227 

40 

I* 5 i 7 

— 

—- 

1-622 

— 

0*892 

1-449 

1-578 

— 

1*595 

1*270 

4*5 

1*598 

— 

— 

1*738 

— 

— 

1*533 

1-687 

— 

— 

1*312 

50 

i*68o 

— 

— 

i-86o 

— 

— 

1-619 

1*793 

— 

— 

1*352 

5'5 

1*763 

— 

— 

1*981 

— 

— 

1-705 

1*891 

— 

— 

1-387 

6*0 

1*845 
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1-791 

1*989 



1*420 

Ref. 

16 

19 

20 

41 

1 

42 

22 1 

10, 43 

l 

44 , 45 

10 

46 

47 , 48 

in 

LiAc 

1.1 Tol | 

NaOH 

NaF 

NaCl 

NaBr 

Nal 

NaCIO, 

■ 

NaG 0 4 

XaBrO, 

NaNO, 

O’l 

0*935 

0-928 

0-925 

0*924 

0*932 

0*934 

0*938 

0*927 

- 

0*930 

0*918 

0921 

0*2 

0-928 

0*917 

0*925 

0*908 

0*925 

0*928 

0*936 

0*913 

0*920 

! 0 896 

0*902 

0-3 

0-929 

0*912 

0-929 

0*898 

0*922 

0*928 

o *939 

0*904 

0*915 

0-883 

o-8qo 

o -4 

0-931 

0*908 

0*933 

0*891 

0920 

0*929 

0-945 

0*897 

0*912 

0-873 

o*88 1 

0*5 

0*935 

0-906 

0*937 

0*886 

0*921 

0-933 

0*952 

0*892 

0-910 

0*865 

0873 

o-6 

0-940 

0*906 

0*941 

0*882 

0*923 

0-937 

0*959 

o*888 

0-909 

0*857 

0*867 

07 

o *945 

0*905 

0*945 

0-879 

0*926 

0-942 

0*967 

0*885 

0-910 

0*851 

0*862 

o-8 

0-951 

0*905 

0*949 

0*876 

0*929 

0*947 

0*975 

0*883 

0-911 

0845 

0*858 

o *9 

0-956 

0-905 

0*953 

0*874 

0*932 

0-953 

0*983 

0*882 

0-912 

p-839 

0*854 

1*0 

0*962 

0-905 

o* 95 » 

0-872 

0*936 

0*958 

0*991 

0*880 

0-913 

0-833 

0*851 

1-2 

0-975 

0-904 

0*969 

— 

o *943 

0*969 

1*007 

0*878 

0*916 

0*824 

0*845 

i "4 

0-988 

0-902 

0*980 

— 

0*951 

0*983 

1*025 

0*876 

0*920 

0-815 

0*839 

1*6 

1 *001 

0-899 

0*991 

— 

0*962 

o *997 

1*043 

0*874 

0*925 

0-808 

0*835 

3*8 

1-014 

0*894 

1*002 

— 

0*972 

1*012 

1*061 

0*875 

0*930 

0-804 

0*830 

20 

1-027 

0-893 

1*015 

— 

0983 

1*028 

1*079 

| 0*876 

0*934 

o*8oo 

0*826 

2*5 

1*061 

0*899 

1*054 

— 

1*013 

1 *0f>7 

1*129 

0*879 

0*947 

0792 

0*817 

30 

1-093 

0*912 

1*094 

— 

1-045 

1*107 

1-188 

0*881 

0*960 

— 

o*810 

3*5 

1123 

1 0*930 

1*139 

— 

X*o8o 

1-150 

1*243 

o*886 

0*975 

— 

0*804 

40 

i*i 53 

0*951 

1*195 

— 

I*n6 

1*199 

— 

— 

0*991 

— 

0*797 

4*5 

— 

0*972 

1*255 

; — 

1-153 

— 

— 

— 

1*008 

— 

0*792 

5 *o 

— 

— 

1*314 

— 

1-192 

— 

— 

--■ 

1*025 

— 

0*788 

5*5 

— 

— 

1*374 

— 

1 1*231 

—- 

— 

— 

1*042 


0*787 

C*o 



1*434 


1*271 

j 

— 

— - 

-— 

1*060 

— 

0*788 

Kef. 

47 

47 

24, 25, 
26, 27 

29 

2 

44 , 49 

44 

1 50 

46 

51 

47 


Ac — Acetate. Tol . Toluencsulphonatc. 
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TABLE I.—Osmotic Coefficients at 25 0 C (Coni.) 


m 

NaAc 

Nalol 

NaCNS 

NaH,PO # 

KOH 

KF 

KC1 

KBr 

KI 

KC10 3 

KBrO a 

KNO, 

0*1 

0-940 

0-924 

0*937 

0-911 

0-944 

0-930 

0-927 

0-928 

0-932 

0-913 

0910 

0-906 

0*2 

0*939 

0-907 

0-934 

0-884 

0-936 

0-919 

0‘9*3 

0-916 

0*922 

0-887 

o-88i 

o*873 

o-3 

0*945 

0-897 

0-935 

0-864 

0-938 

0-915 

0-906 

0-9x0 

0*918 

0-867 

0*858 

0-851 

0*4 

o-95i 

0-887 

0*938 

0-847 

0-944 

0-914 

0-902 

0-906 

0-917 

0-849 

0-837 

0-833 

o-5 

0*959 

0*880 

o-943 

0-832 

0*953 

0-915 

0-899 

0904 

0*917 

0-832 

0-816 

0-817 

o-6 

0*967 

0-874 

0*948 

0-819 

0*962 

o-gxG 

0 898 

0-904 

0-918 

0-816 

— 

0-802 

0 *7 

0-977 

0-867 

0*953 

0-808 

0-972 

0-919 

0-897 

0-904 

0-919 

0-802 

— 

0-790 

o*8 

0*986 

o*86i 

0*958 

0-798 

0-983 

0-923 

0-897 

0-905 

0-922 

— 

— 

0-778 

09 

o-994 

0-855 

0-9fc 

0*789 

0-993 

0-926 

0-897 

0-906 

0-924 

— 

— 

0-767 

I'O 

1*002 

0*849 

0-969 

0-780 

1*003 

0-931 

0-897 

0-907 

0-926 


— 

0-756 

1*2 

i*ox8 

0-837 

0*979 

0-765 

1-026 

0*941 

0-899 

0-910 

0-931 


— 

0-736 

1*4 

1*038 

0-824 

0-990 

0*751 

1-051 

0*951 

0-901 

0-914 

0-937 


— 

0-71S 

1-6 

1-057 

o-811 

1-002 

0-739 

1-076 

0*962 

0*904 

0*917 

0-943 


- 

0-700 

I*S 

1-074 

0*799 

1*014 

0-729 

1-100 

0-973 

0-908 

0-922 

0-950 



o-(>S4 

2*0 

1-092 

0-787 

1025 

0-721 

1*125 

0-984 

0-912 

0-927 

o-957 

— 

— 

0669 

2-5 

1137 

0-763 

1055 

0-705 

1-183 

1-014 

0*924 

0-941 

0-974 

— 

— 

0-631 

3«o 

x-181 

0-74^ 

1-086 

0-696 

1-248 

1-048 

o-937 

0-955 

0-990 


— 

0 61 >2 

3*5 

1*223 

0-738 

x-xi8 

0-691 

*•3*7 

i 084 

0-950 

0*969 

1 006 


— 

0-577 

40 

~~ 

0-713 

1-150 

0-691 

1-387 

1-124 

0-965 

0*984 

1021 

— 

— 

— 

4*5 


— 

— 

0-694 

! *-459 


0-980 

1-000 

1032 

-- 

— 

— 

5*o 

— 

— 

— 

0-699 

1 1*524 

— 

- 

1-015 

— 

— 

— 


5-5 

— 

— 


0-706 

j 1-594 

— 

- 

— 

— 

— 

- 


G-o 




0-7*3 

i*66i 

1 

’ 



* 

* 


Ref. 

47 

47 

52 

53 

| 

1 3 3- 34 

! 29 

2 

: 

44, 49 

44, 54 

5* 

55 

47 

m 

I j 

KAc ] 

! 

| Klol 

i KCNS 1 

| 

! 1 

!KH,P() 4 ! 

j : 

RbCl 

! RBr 

i 

RI 

RKO, 

RbAc 

| 

j CsOH 

j 

i CsU 

|_! 

1 

| CtBr 

0*1 

j 0-943 

0-921 

0926 

0-901 J 

0*923 

, 0*922 

1 

1 0-921 ! 

; 

0*903 

! 0-943 

| 0-942 

10-917 

0-917 

o- 2 

j o'944 

0901 | 

o-yii 1 

0868 I 

0-907 

| 0-905 

0-901 I 

0-871 ! 

0-945 I 

j 0-939 

10-897 

| 0-896 

o-3 

0-951 

o-886 

0-904 

0-841 j 

0-898 

0-897 

0-896 j 

0-847 

0*95- , 

0-940 

o-88 5 , 

j 0-882 

04 

1 o-958 

0-873 

0-900 

0-823 

0-893 

0-892 i 

o-Sgo 

0-826 

0-961 

0*949 

0-875 

| 0*873 

o-5 

0*968 

o-86o 

0-897 

0-805 ! 

0-889 

0-883 

o-886 

0-809 

0-971 I 

0-960 

0-869 ; 

j 0-865 

O'O 

0*977 

0-847 

0*896 

0-789 

0-887 

0-886 

1 0-884 

0*704 

0*981 

0-970 

0-864 

o-86i 

07 

0-987 

0-834 

0-895 

0-773 

o-886 

0-884 

o-88i 

0-781 

o*99* 

j 0-982 

0-861 1 

o-857 

0*8 

0-997 

0-822 

0-895 I 

0-760 

o-886 

0-882 

o-88o 1 

0-76S 

1002 1 

i 0-992 

0-859 ! 

0-854 

0-9 

1-007 

0-809 

0-894 j 

0747 

08S5 

o-S8i I 

0-879 

0*756 

1*013 

! 1-003 

0-858 J 

0-852 

I'O 

1-0X7 

0-798 

0-894 

0736 1 

0-885 

o-88i 

0*878 j 

o-745 

1 023 

j 1*014 

o-S57 

0-850 

1*2 

1-038 

o-775 

0-893 

0-7x6 > 

o-88o 

o*8 80 

0-878 | 

0*725 

1*046 

— 

0*856 

0-849 

*’4 

1-060 

0-751 

0-892 

0-698 

0-888 

o-88i 

0-878 j 

0*706 

1-oo 8 

— 

0856 

0*848 

1*6 

1-081 

0-73* 

0-892 

0-683 

0-890 

0-882 

0-880 

0*689 

1-091 

— 

0-857 

0*848 

i-8 

1-103 

0-715 1 

0893 

0*669 

0-893 

0-884 

0.882 

0-673 

1*114 

— 

0*859 

0*850 

2-0 

1*123 

0-700 

0-894 

— 

0-896 

0-887 

0 386 

0-656 

***37 

— 

0-862 

0*852 

2-3 

X-I77 

0-664 

0-898 

— 

0-905 

0-893 

0-893 

0-620 

1*192 

— 

0-869 

0-859 

3-o 

1*328 

0-637 

0903 


0-916 

0-899 

0*901 

0-588 

1*248 

— 

0-879 

0-866 

35 

1-274 

0-615 

0-908 

— 

1 0-928 

0-907 

o-gu 

0-561 

1-302 

— 

o-8S9 

0-874 

4-0 

— 

— 

0-912 

— 

0-94* 

0-916 

0*921 

0-538 

_ 

— 

0-900 

0-884 

4*5 

— 

— 

o-9*7 

*— 

0-952 

i 0-924 

0*931 

0-516 

— 

— 

0-912 

0-892 

5*o 

5*5 

6-o 

- 

— 

0-921 

- 

0*066 

0-934 

0-940 

- 

— 

— 

0-924 

0*901 

Ref. 

47 

47 

52 

53 

10, 56 

44, 5f> 

44. 56 

47, 56 

47, 56 

3<> 

10, 36 

44, 56 
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TABLE I. —Osmotic Coefficients at 25 0 C (Coni.) 


m 

Csl 

CsNO, 

CsAc: 

AgNO, 

T 1 CI 0 4 

TING, 

TlAc 

CuS 0 4 

MgSO| 

Z11SO4 

CdS 0 4 

0*1 

0*916 

0*902 

0*945 

0 ' 9 0 3 

0*900 

o*88i 

0*913 

0*561 

0*606 

0*590 

0*565 

0*2 

0*895 

0*869 

0*947 

0*870 

0*867 

o *«33 

0*891 

0*515 

0*562 

0*533 

0*513 

o *3 

0*880 

0*842 

o -954 

0*847 

0*842 

o*8oo 

0*876 

0*494 

0*540 

0*506 

0*490 

°*4 

0*870 

0*820 

0*964 

0*827 

0*821 

o *775 

0*865 

0*478 

0*529 

0*492 

0*476 

o *5 

0*863 

0*802 

o *975 

0*811 

0*804 

— 

0*855 

0*469 

0*522 

0*483 

0*466 

o*6 

0*858 

0*787 

0*986 

o *795 

— 

— 

0*849 

0*462 

0*518 

0*476 

0*458 

07 

0855 

0*774 

0*996 

o *779 

_ 

— 

0*843 

0*458 

0517 

0*473 

0*452 

o*8 

0*852 

0*761 

1*006 

0*766 

~ 

— 

0*838 

0*457 

0*518 

0*473 

0*450 

o -9 

0*849 

0*748 

1*016 

o *754 

— 

— 

0*833 

0 * 45 * 

0*520 

o *474 

0*449 

TO 

0*846 

0*736 

1*026 

0*742 

— 

— 

0*829 

0*461 

o *525 

0*478 

o *452 

1-2 

0*842 

0*715 

1*049 

0*720 

— 

— 

0*823 

<>*473 

0*542 

0*489 

0*461 

1-4 

0*839 

0*695 

1*072 

0*699 

— 

— 

o*818 

0*491 

0*567 

0*508 

0*476 

1-6 

0*830 

— 

i*og5 

o*68 0 

— 

-- 

0*814 

— 

o* 5 Q 7 

o -533 

0-496 

1-8 

0854 

— 

1*119 

0*662 

— 

— 

0*810 

— 

0*630 

0*566 

0-522 

2*0 

0*832 

— 

1*142 

0*646 

— 

— 

0*807 

— 

o*666 

0*602 

0*351 

2-5 

0*827 

— 

1*196 

0*609 

— 

— 

o*8oi 

— 

0*780 

0717 

0-632 

3-0 

0*822 

— 

1*251 

0*576 

— 

— 

0*796 

— 

0*922 

o*86r 

0*726 

3*5 

— 


1*306 

0*550 

— 

— 

0*789 

— 

— 

1033 

0*832 

4 *o 


— 

— 

0*523 

— 


0*783 

— 

— 

— 


4-3 

— 

— 

— 

0*502 


— 

0*777 

— 

— 

— 


5*0 

— 

— 

— 

0*483 


— 

0*772 


— 

— 


5’3 

— 

— 

— 

0*467 

— 


0-766 


— 



6*0 



" * 

0*452 

— 

" 

0*760 


~ 


_ 

Rel. : 

44 , 56 

47 , 56 

47 , 56 

57 j 

56 

- 

56 

! 

58 

58 

58 

l 

1 

58 

! 

tn 

MiiS 0 4 

1 

NiS 0 4 

A 1 C 1 , 

ScO, 

CrClj 

1 

! YCl, 

j 

LaCl 3 

CeCJj 

1 

! piti. 

1 

1 NilCL 

J 3 

! SmClj 

0*1 

0*587 

0*581 

j j 

1 0*819 1 

<*797 

o*8ir 

i 

0*789 

0*788 

0*782 

i 0*784 

! 0-783 

0*789 

0*2 

0*538 

o *533 

0*841 j 

0*827 

0*833 j 

| o*8io 

o*8oo 

0*805 

1 o*8or 

o*8or 

0*809 

0*3 

0*516 

0*508 

o*8Rq ! 

0*868 

0-875 

0*847 

0*833 

0*835 

0*830 

0*832 

0*841 

04 

0*501 

0*488 

0*947 j 

0*917 

0*926 ] 

0*892 

0*871 ! 

0*872 

0*866 

0871 

I 0-879 

o *5 

0*490 

0*475 

l*oi)8 I 

0*969 

0*983 

0*939 

0*912 1 

0*914 

0*905 

0*913 

0*921 

o*6 

0*481 

0*465 

1-074 

1*027 

i-04 5 

0*989 

0*955 1 

o *955 

0-945 

0-954 

' 0*964 

07 

°-475 

0*458 

1145 

X’OQO 

i-iil 

1*042 

0*998 

1*007 

0*996 

1 006 

1019 

o-8 

0*472 

0*456 

1*220 

I-I 56 

1*181 

1*100 

1*052 

1*057 

1046 

1*056 

1074 

0-9 

0472 

0*456 

1*299 

1*222 i 

1*250 

1*161 

1*102 

1*107 

1*100 

1*110 

1*128 

10 

0*475 

0*459 

1*382 

1*291 

1-319 

1*223 

1*154 

1-158 

1*154 

1*163 

i*i86 

1-2 j 

0*485 

0*472 

l*56o 

1*430 

l '443 

1-354 I 

1*266 

1*264 

1*271 

1283 

1-302 

i '4 

0*504 

0*492 

1*749 

1*572 

— 

1*491 | 

i* 3«4 

i* 3«7 

1-388 

1*404 

1-427 

1*6 

0*527 

0*517 

i- 95 i | 

1*718 

— 

1*631 j 

*•502 

i- 5<>4 

i -507 

1-527 

1-554 

1*8 

0*556 

o* 55 i 

- 2-175 1 

1*869 

— 

l*7«o ! 

1*623 

1*638 

1*631 

1*656 

i*6S6 

20 

0*588 

0*589 

— } 

-- 

— 

1*940 

1748 

i *777 

i *759 

1*789 

1*824 

2-5 

0*677 

0*708 

— i 

— 

— 

— 

— 

. 

— 

— 

— 

30 

0*782 

— 

- 1 


— 

__ 

— 

— 

— 

— 

— 

3 - 5 

4- 0 

0*909 

1*048 

- 

— ! 

- 

- 

- 




- 


Ref: 

j 58 

58 

59 

59 

60 

59 

59, 61 

59 

59 

59 

62 
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TABLE I.—Osmotic Coefficients at 25° C (Cont.) 


m 

EuClj 

Cr(NO a ) a 

K 8 Fe(CN) 4 

K 4 Fc(CN), 

Al 1 (S 0 4 ) a 

Cr t (S 0 4 ), 

Th(NO a ) 4 

0*1 

o*794 

o*795 

0*727 

o*595 

0*420 

0-414 

0-675 

0-2 

o*812 

0-818 

0-695 

0*556 

0*390 

0-401 

0-685 

o*3 

0*842 

o-86o 

0-682 

o*535 

0*391 

0*412 

0-705 

o-4 

0*882 

0*906 

0-078 

0*518 

0-421 

0*437 

0*734 

05 

0*926 

0*953 

0-676 

0*506 

0*477 

0*473 

0-770 

o-6 

0*971 

1*003 

0-676 

0 498 

0*545 

0*524 

0-807 

o '7 

I’02 7 

1*055 

0-679 

0-494 

0-625 

0*585 

0-846 

o-8 

I-082 

j-iii 

0-685 

O-494 

0-718 

0*657 

0-885 

09 

1*137 

1168 

0-694 

0*501 

0-809 

0740 

0-925 

i-o 

1*193 

1-227 

0-705 

— 

0*922 

0-832 

0-965 

1*3 

1-3x0 

1-343 

0*727 

— 

— 

1031 

1-044 

*’4 

x*43# 

i’45<> | 

0*750 

— 

— 

— 

, 1-120 

1-6 

1-570 

1 

— 

1 — | 

— 

— 

I-I92 

1*8 

1-707 

1 1 

— 

— 

— 

— 

1*259 

20 

1*833 

— 

-- 

— 

— 

— 

1325 

2*5 

— 


— 

— 

— 

— 

1*455 

30 


1 1 


— 

— 

— 

1-546 

3*5 

— ! 

- | 


- 

— 

— 

1*616 

4-0 i 

— 


— 

— 

— 

— 

1*659 

4-5 

— 

: — i 

— 

— 

— i 

— 

1*688 

5,0 ! 

1 


! “ ! 

1 

1 


— i 


1*706 

Ref. : 1 

i 

62 j 

1 

6° j 

63 ! 

l 

56 i 

1 

56 

i 

60 , 

! 

63 


TABLE II. —Activity Cokfficikn rs at 23 ' C 


m 

HC1 

H Fir 

HI 

hcio 4 

hxo 4 

LiOH 

LiCl 

LiBr 

Lfl 

UC10 4 

LiXOj 

LiAc 

0*1 

0*796 

0*805 

0*818 

0*803 

0-791 

0*760 

0*790 

0*7 96 

0-815 

0-812 

' 

0788 

0-784 

0*2 

0*767 

0-782 

0-807 

0*778 

o -754 

0-702 

o *757 

0*766 

0-802 

0-794 

o *752 

0-742 

o *3 

0-756 

0-777 

0*8 n 

0-768 

o *735 

0-065 

o -744 

0*756 

0-804 

0-792 

0*736 

0-721 

0*4 

o *755 

0-781 

0-823 

o- 766 

0*725 

0-638 

0-740 

0*752 

0-813 

0-798 

0*728 

0*709 

o *5 

<■'•757 

o- 7 Ao 

0-839 

0-769 

0*720 

0-617 

o -739 

o *753 

0-824 

0-808 

0*726 

0*700 

0*6 

0*763 

o-Ro. 

0S60 

0-776 

0717 

0*599 

«-743 

o*758 

0-838 

0820 

o *727 

0*691 

0*7 

0-772 

0*815 

0-883 

0-785 

0717 

0*585 

0-748 

0*767 

0*852 

0834 

0*729 

0*689 

o*8 

0*783 

0*832 

0908 

0-795 

0-718 

o*S 73 

0*755 

o *777 

0-870 

0-852 

o *733 

o-688 

0-9 

o *795 

0*850 

0*935 

0-808 

0-721 

0*563 

0*704 

0*789 

0*888 

0-869 

0*737 

o*o88 

1*0 

0*809 

0871 

0*963 

0-823 

0-724 

0-554 

o *774 

0*803 

0-910 

0-887 

o *743 

0*689 

1*2 

* 0*840 


1*027 j 

0-858 

o -734 

| °' 54 - 

j 0-796 j 

0-837 

0 -Q 55 

0-931 

o *757 

0*693 

1-4 

; 0-876 

1 _ 

1-09S 

O* QOO j 

o -745 

! 0-532 

0-823 | 

0-874 

1-007 

0-979 i 

o *774 

0*700 

X*6 

0-916 

; 

1 -175 

o*<M 7 

! 0-758 

0*525 

0*853 

0917 

, 1*063 

1034 

0*792 

0*709 

1*8 

[ 0-960 

— 

1*260 

0-998 

o*775 

0*518 

0*885 

0-964 

1*127 

1-093 

0*812 

0-719 

2*0 

I 1-009 

— 

1-356 

1-055 1 

0-793 | 

0*513 

0*921 

1*015 

1*198 

1*158 

0*835 

0-729 

2-5 

| 1*147 

s — 

1*641 

1-227 

0*846 

0-503 

1-026 

1*i6i 

1*418 

| 1-350 

0*896 

0-762 

3 *o 

! 1-316 

— 

2*0X5 

1-448 

0*909 

1 0*494 

1*156 

1-341 

1*715 

1-582 

0*966 

0-798 

3*5 

! 1*518 

— 

— 

1*726 

----- 

0*487 

1-317 

1*584 

__ 

! x-866 

1044 

0837 

4 *o 

1*762 

— 

— 

2*08 

— ! 

0-481 

1*510 

1897 

— 

2*18 

1-125 

0*877 

4*5 i 

2*04 

— 

— 

2-53 1 

— 

-- 

1*741 

2-28 

— 

—* 

1*215 

— 

5-0 j 

2*38 

— 

— 

3-11 

-- 

—- 

2-02 

2*74 

— 

— 

1*310 

— 

5-5 ; 

; 2-7 

— 

— 

3-83 

— 

— 

2-34 

3-27 

— 

— 

1-407 ! 

— 

6*o j 

| 3-22 

! 

“ 


4-76 


" 

2*72 

3-92 



1-506 

‘ 
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OSMOTIC AND ACTIVITY COEFFICIENTS 


TABLE II.— Activity Coefficients at 25°C (Coni,) 


m 

LiToI 

i 

NaOH 

NaF 

NaCl 

NaBr 

Nal 

NaC10 s 

NaCIO* 

NaBrO, 

NaNO, 

NaXc 

0*1 

o-772 

0*766 

0*765 

0*778 

0*782 

0-787 

0*772 

0*775 

0*758 

0*762 

0*791 

0*2 

| 0*723 

0*727 

0*710 

o*735 

0*741 

0-751 

0*720 

0*729 

0*696 

0*703 

o*757 

o-3 

0-695 

0*708 

0*676 

0*710 

0*7x9 

o*735 

o-688 

0*701 

0-657 

0*666 

o*744 

o-4 

o*674 

0*697 

0*651 

0*693 

0*704 

0*727 

0*664 

0*683 

0*628 

0*638 

o*737 

o-5 

0*659 

0*690 

0*632 

o*68i 

0*697 

0*723 

0*645 

o*668 

0*605 

0*617 

o*735 

o*6 

0*647 

0*685 

0*616 

0*673 

0*692 

0-723 

0*630 

0*656 

0*585 

0*599 

0*736 

o-7 

0*638 

o*681 

0*603 

0*667 

0*689 

0*724 

0*617 

0*648 

0*569 

0*583 

0*740 

o-S 

0*630 

0*679 

0*592 

0*662 

0*687 

0*727 

0-606 

0*641 

0*554 

0*570 

o*745 

°‘9 

0*623 

0*678 

0*582 

0*659 

0*687 

o*73 x 

0*597 

0*635 

0*542 

0*558 

0*752 

1*0 

0*617 

0*678 

o*573 

0*657 

0*687 

0*736 

0*580 

0*629 

0*528 

0*548 

o*757 

1*2 

0*605 

o*681 

— 

0*654 

0*692 

o*747 

o*575 

0*622 

0*507 

0*530 

0*769 

x*4 

o*595 

o*686 

— 

0*655 

0*699 

0*763 

0*563 

0-616 

; 0*489 

0*5x4 

0*789 

1*6 

0*586 

0*692 

— 

0*657 

0*706 

0*780 

o*553 

0*613 

o*473 

0*501 

0*809 

1*8 

o*575 

0*700 

— 

0*662 

0*718 

o*799 

o*545 

0*611 

0*461 

0*489 

0*829 

2*0 

0*568 

0*709 

— 

o*668 

o*73i 

0*820 

0*538 

0*609 

0*450 

0*478 

0*851 

2‘5 

0*558 

0*743 

— 

o*688 

0*768 

0*883 

o*525 

0*609 

0*426 

0*455 

0*914 

3*0 

0*556 

0*784 

— 

0*714 

0*812 

0-963 

0*5x5 

o*6n 

— 

0*437 

0*982 

3*5 

0*559 

0835 

— 

0*746 

0*865 

1*053 

0*508 

0*617 

— 

0-422 ; 

1057 

4*o 

0*566 

0*903 

— 

0*783 

0*929 

— 

— 

0*626 

— 

0*40.8 | 

— 

4'5 

o*575 

0*985 

— 

0*826 

— 

— 

— 

0637 

! ~ 

0-396 j 

— 

5-o 

— 

1*077 

— 

0 

00 

4 *- 

— 

— 

— 

0*649 


0*386 | 

— 

5*5 

— 

i-i8i 

1 „ 

0*928 

— 

— 

— 

0*662 

; — 

0*3 7« ! 

— 

6-0 

— 

1*299 


0*986 

— 

*~* 

■**'-■ 

0-677 

— 1 

o*37i | 

“ 

1 

m 

NaTol 

NaCNS 

N\tHjP0 4 

KOH 

KF 

KCI 

1 

KBr 

HI ! 

KClOj 

KBrOj J 

KNO, 

0*1 

0*765 

0*787 

o*744 

0*798 

o*775 

0*770 

0772 

0-778 

0*749 

0*745 

o*739 

0*2 

0*709 

0*750 

0*675 

0*760 

0*727 

0*7x8 

0*722 

o*733 

0*68l 

o*674 

0-663 

o*3 

0*674 

0*731 

0*629 

0*742 

0*700 

o*68S 

0-693 

0*707 

0*635 

0*625 

0*614 

o*4 

0*648 

0*720 

0-593 

o*734 

0*682 

o*666 

0*673 

0*689 

0*599 

0*585 

0*576 

o*3 

0*627 

0*715 

0-563 

0*732 

0*670 

0*649 

0*657 

0-676 

0*568 

o*552 

0*545 

o*6 

0*609 

0*712 

0*539 

o*733 

0*661 

0-637 

0-646 

0*667 

0*54 x 

— 

0*519 

o*7 

o*593 

0*710 

0*517 

0*736 

0*654 

0-626 

0-636 

o-66o 

0*518 

— 

0*496 

o*8 

o*579 

0*710 

o*499 

0*742 

0*650 

0*618 

0*629 

0*654 

~~ 

— 

0*476 

o-9 

0*566 

0*711 

0*483 

o*749 

0*646 

o*6io 

0*622 

0*649 

— 

— ! 

0*459 

1*0 

o*554 

0*712 

0*468 

0*756 

0*645 

0*604 

0*617 

0*645 

— 

— 

0*443 

1*2 

0*532 

0*716 

0*442 

0*776 

0*643 

0*593 

0*608 

0-640 

— 

— 

0*414 

1*4 

0*511 

0*723 

0*420 

0*800 

0*644 

0-586 j 

0*602 

0*637 

— 

— 

0*390 

I*t 

0*493 

0*730 

0*401 

0*827 

0*647 

0*580 

0*598 

0*636 

— 

— 

0*369 

1*8 

0*476 

o*737 

0*385 

0*856 

0*652 

0*576 

o*595 

0*636 

— 


0*350 

2*0 

0*460 

0*744 

0*371 

o*888 

0*658 

o*573 

0*593 

0*637 

— 

— 

o*333 

2*5 

0*427 

o*779 

o*343 

0*974 

0-678 

0*569 

o*593 

0*644 

— 

— 

0*397 

3-0 

0*402 

o*8«4 

0*320 

1*081 

0*705 

0*569 

o*595 

0-652 

— 

— 

0269 

3-5 

0*383 

o*854 

0*305 

1*215 

0*738 

0*572 

o*6oo 

0-662 

— 

— 

0*246 

4*o 

0*368 

0*897 

0*293 

i'352 

0*779 

0*577 

0*608 

0*673 

— 

— 

— 

4‘5 

— 

— 

0*283 

i*53 

— 

0*583 

0*616 

0.683 

— 

— 

— 

5*o 

— 

— 

0*276 

1-72 

— 

— 

0*626 


— 

— 

— 

5*5 

— 

— 

0*270 

1*95 

— 

— 

— 

— 

— 

— 

— 

6o 



0*265 

2*20 

** 

“* 

-*■** 


— 

— 
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TABLE II.— Activity Coefficients at 25°C (Cont.) 


m 

KAC 

KToi 

KCNS 

KHjPO, 

RbCl 

RbRr 

I 

Rbl 

RbNO, 

Rb/Cc 

CsOH 

CsCl 

CsBr 

0*1 

0796 

0-762 

0-769 

0-731 

0-764 

0763 

0-762 

o*734 

0-796 

o*795 

0-756 

o*754 

0*3 

0766 

0-702 

0716 

0*653 

0-709 

0-706 

0-705 

0-658 

0-767 

0*761 

0-694 

0-694 

o-3 

0754 

0-662 

0*685 

0*602 

0-675 

0-673 

0-671 

0-606 

0*756 

o*744 

0-656 

0-654 

o-4 

0750 , 

0*632 | 

0-663 

0*561 

0-652 

0-650 

0-647 J 

0-565 

0*753 

o*739 

0-628 

0-626 

o-5 

0751 j 

0-605 

0-646 

0-529 j 

0-634 

0-633 

0*629 

0-534 

o-755 

o*739 

0-606 

0-603 

06 

0754 

0-582 

0-633 

0*501 

0-620 

0-617 

0-614 

0-508 

0*759 

0*742 

0-589 

0*586 

07 

o*759 

0-560 

0*623 

0-477 

0-608 

0-605 

0602 

0-485 

0*766 

0748 

0*575 

0*571 

o-8 

0766 

o-54 1 

0-614 

0456 

0*599 

0-595 

0*591 I 

0-465 

0-773 

o*754 

0563 

0*558 

o-9 

0774 

0-523 

0*606 

0*438 

0-590 

0-586 

0-583 

0-446 

0-782 

0-762 

o*553 

0*547 

1*0 

0783 

0-506 

o*599 

0-431 

0*583 

0-578 

o-575 

0430 

0-792 

0771 

0-544 

0*538 

1-2 

0-803 

0*476 

0-587 

0-393 

0-572 

0-565 

0-562 

0-402 

0-815 

— 

0-529 

0*523 

i‘4 

0-827 

0-448 

o*577 

0-369 

0-563 

0-556 

0-551 

0-377 

0*840 

— 

0-518 

0-510 

i'6 

0-854 

0-424 

0569 

0-348 

o-556 

0*547 

0-544 

0-356 

0-869 

— 

0509 

0-500 

1*8 

o-881 

0-404 

0-562 

0-332 

0-551 

0-541 

0*537 

0-338 

0*900 

— 

0*501 

0-493 

20 

0-910 

0-386 

0-556 

— 

0-546 

0-536 

0-533 

0-321 

0*933 

— 

o*495 

0*486 

2*5 

0*995 

0*347 

0*546 

—* 

I o-539 

0-526 

0-524 

0-285 

1023 

— 

0-484 

0-474 

3*o 

1-086 

0*317 

0-538 

— 

0-536 

| 0-520 

0*518 

0-257 

1-126 

— 

0-478 

0-465 

3*5 

i*x Bx 

0-292 

0-533 

— 

; 0-536 

0-516 

0-516 

0234 

1-240 

— 

0*474 

0-460 

4*o 

— 

— 

0529 

— 

0-538 

o-5l 4 

| o*5*5 

0-216 


— 

0*473 

0-457 

4*5 

— 

— 

0-526 

— 

0-541 

0*514 

j 0-516 

0-200 


! — 

0-473 

0-455 

5*o 

<- r 

— 

— 

0524 

— 

i 0-546 

0-M5 

i 0-517 


— 

__ | 

0-474 

0*453 

J J 

6-0 

— 

) 

— 

— 

j — 

1 — ' 

1 _ 

! 

! ~~ 

1 

— 

! 

l 

- j 

— 


m 

Csl 


CsAc 

AgNO, 

TICIO4 

TIN Cl, 

TlAc 

CuS() 4 

| MgS0 4 

0*1 

o*754 

0*733 

0-799 

i 

o-734 

0*730 

0702 

1 

0*750 

(0*150) 

! (0-150) 

0-2 

0-692 

0-655 

o*77i 

0-657 

0-652 

0606 

o-686 

0-104 

o-iovS 

0-3 | 

0*651 

0-602 

0-761 

o-606 

0*599 

o*545 

0-644 

008 3 

! 0-088 

0-4 

0-631 

0-561 

0-759 

0567 

o*559 

0500 

0-614 

0071 

j 0-076 

o-5 j 

o*599 

0-528 

0-762 

0-5*6 

! 0-527 

— 

0-589 

0-062 

| 0-068 

o-6 j 

0*581 

0-501 

0-768 

0-509 

— 

— 

0-570 

0-056 

0-062 

o-7 j 

0*567 

0-478 

0*776 

0*485 

— 

— 

o*553 

0-052 

j 0-057 

o-8 

o*554 

0-458 

1 0-783 

0-464 


— 

j 0-539 

0-048 

j 0-054 

o*9 

0*543 

0*439 

0-792 

0-446 

— 

— 

0-526 

0-043 

! 0-051 

1-0 

o*533 

0-422 

I 0-802 

0-429 

— 

— 

0*515 

0-043 

1 0-049 

1*2 

0*516 

o*393 

J 0*826 

0'399 

— 

— 

0-496 

0-039 

1 0-045 

1-4 

0*501 

0-368 

i 0-853 

0*374 

— 

— 

0480 

0-037 

! 0-044 

x-6 

0-489 

— 

0-883 

0-352 

— 

— 

0-466 

— 

j 0-042 

i-8 

o*479 

— 

| 0-916 

0-333 

— 

— 

0*454 

1 

0-042 

2*0 

0*470 

— 

1 0-950 

0316 

— 

— 

0-444 


0*042 

2’5 

0*450 

— 

1-041 

0-280 

— 

— 

0-422 

— 

0-044 

30 

0*434 

| — 

1145 

0*252 

— 

— 

0-405 

j __ 

0-049 

35 

— 

! — 

1263 

0-229 

— 

— 

0*389 

— 

— 

4*0 


— 

— 

0-210 

— 

— 

0-376 

— 

— 

4‘5 

— 

— 

— 

0-194 

— 

_ 

0*364 

— 

— 

50 

— 

— 

— 

0-181 

— 

— 

0*354 

— 

— 

3*5 

— 

— 

— 

0-169 

— 

— 

0-344 

— 

— 

6 *o 



— 

0159 

— 


0*335 

! 

” 
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OSMOTIC AND ACTIVITY COEFFICIENTS 


TABLE II. —Activity Coefficients at 25“ C (Coni.) 


m 

ZnS 0 4 

CdS 0 4 

JV 1 «S 0 4 

NiS 0 4 

AICI3 

ScCl 3 

CrCl 8 

YCl a 

LaClj 

CeClj 

PrCl, 

KdCl, 

0*1 

(0-150) 

(0-150) 

(0*150) 

(0*150) 

( 0 - 337 ) 

(0-320) 

(o- 33 i) 

(o- 34 ) 

(0-314) 

(0-309) 

(0-311) 

(0-310) 

0*2 

0-104 

0-102 

0*106 

0-105 

0-305 

0-288 

0-298 

0-278 

0-274 

0-273 

0-273 

0*272 

o -3 

0-083 

0-082 

0-085 

0-084 

0-302 

0-282 

0-294 

0-269 

0-263 

0-261 

0-260 

0-261 

04 

0-071 

0-069 

0*073 

0-071 

0-313 

0-287 

0-300 

0*271 

0-261 

0-260 

0-258 

0-259 

o -5 

0-063 

0-061 

0-064 

0-063 

o- 33 i 

0-298 

0-34 

0-278 

0-266 

0-264 

0-262 

0-264 

o-6 

0-057 

0-055 

0-058 

0-056 

0-356 

0-316 

0-335 

0-291 

0-274 

0-272 

0-268 

0-272 

07 

0-052 

0-050 

0-053 

0-052 

0*388 

0*339 

0-362 

0-307 

0-285 

0-286 

0*281 

0-284 

o-8 

0*048 

0-046 

0-049 

0-047 

0*429 

0-369 

0-397 

0-329 

0-302 

0-302 

0-297 

0*301 

o -9 

0-046 

0-043 

0-046 

0-044 

0-479 

0-403 

0-436 

0-355 

0-321 

0*320 

0-316 

0-321 

1*0 

0-043 

0-041 

0044 

0-042 

0*539 

0-443 

0-481 

0-385 

0-342 

0-342 

0-338 

o -344 

1*2 

0-040 

0-038 

0-040 

0-039 

0-701 

o -544 

0584 

0-462 

0398 

0-395 

0-395 

0-403 

1*4 

0-038 

0035 

0-038 

0-036 

I 0-936 

0-677 

— 

0*566 

0-470 

0-469 

j 0-467 

0-480 

1-6 

0-036 

0-034 

0037 

0-035 

1-284 

0-853 

— 

0-701 

0-561 

0-559 

0-558 

0-577 

1-8 j 

0*035 

0-032 

0-036 

0-034 

1-819 

1-089 

— 

0-884 

o -677 

0-684 

o -675 

0-704 

2*0 

0035 

0-032 

0035 

0*034 

— 

— 

— 

1-136 

0-825 

0-847 

0-825 

0*867 

2*5 

0-037 

0-032 

0-035 

0-035 

— 

— 

— 

— 

— 

— 

— 

— 

3-0 

0-041 

0033 

0-038 

— 

— 

— 

— 

— 

— 

— 

— 

— 

35 

0 

6 

.b. 

00 

0035 

0*042 

— 

— 

— ■ 

— 

— 

— 

— 

— 

— 

4 *o 



0*048 











tn 

SmCI, 

EuClj 

Cr(NOj), 

K,Fe(CN), 

K 4 Fe(CN). 

A 1 ,(S 0 4 ), 

Cr t (S 0 4 ) a 

Tb(NO a ) 4 

o-i 

(0-314) 

(0-318) 

(0-319) 

(0-268) 

! 

(0-139) 

(0-0350) 

(0-0458) 

| ( 0 - 279 ) 

0-2 

0-278 

0-282 

0*285 

0*212 

o-ioo 

0-0225 

0*0300 

| 0-225 

0-3 

0-267 

0-270 

0-279 

0*184 

0-081 

0-0I76 

0-0238 

O 

6 

0-4 

0-266 

0*270 

0-281 

0*167 

0070 

0-0153 | 

0-0207 

0-192 

o -5 

0*271 

0-276 

0-291 

0-155 

0*062 

0-0143 

0-0190 

0-189 

o-6 

0 

00 

6 

0-286 

0304 

0-146 

0-056 

0-0140 

00182 

0188 

0-7 

0*296 

0-303 

0-322 

0-140 

0-052 

0-0142 

o-o 181 

O-IQI 

o-8 

0-314 

0-322 

0*344 

0135 

0-048 

0-0149 

00185 

0-195 

0-9 

! 0*336 

o -345 

0-371 

0-131 

0-046 

0-0159 

0-0194 

0*201 

i-o 

0-362 

0-371 

0-401 

0*128 

— 

00175 

0-0208 

0-207 

1-2 

0-424 

0-436 

0-474 

0-124 

— 1 

— 

00250 

0-224 

1*4 

0-509 

0-525 

0-565 

0-122 

— 

— 

— 

0-246 

i-6 

0-616 

0-641 

— 

— 

—- 

— 

— 

0*269 

1-8 

0-756 | 

0-792 

— 

— 

” 

— 

-- 

0*296 

2-0 

0-940 

0-995 

— 


— 

— 

-- 

0-326 

2-5 

— 

— 

— 

— 

— 

— 

— 

0-405 

3 -o 

— 

— 

— 

— 

— 

— 

— 

0-486 

3*5 

— 

— 

— 

—- 

— 

— 

— 

0-568 

4-0 

— 

- 

— 

— 

— 

— 

— 

0-647 

4*5 

— 

— 

— 

_ 

— 

: 

— 

0-722 

5 -o 



~ 



1 _ 

! 


0-791 
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TABLE III. —Osmotic and Activity Coefficients at High Concentrations 

(w > 6) 


HCl 

hcio 4 

LiCl 

| Li Hr 

1 

LiNO a 

tn 

4 > 


4 > 

y 

* i 

y 

4 

y 

* ; 

V 

7 

2*ooS 

4‘37 

2*365 

7*44 

1-965 

3*71 
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THE ADSORPTION OF LONG CHAIN POLAR 
COMPOUNDS FROM SOLUTION 
ON METAL SURFACES 


By E. B. Greenhill 
Received 28 th January , 1949 

The adsorption isotherms of long chain polar substances on metal powder 
have been determined. The results show that saturation of the surface, giving 
a unimolecular layer, occurs at very low concentrations with strongly adsorbed 
substances such as stearic acid, whereas alcohols and esters require much higher 
concentrations. Although the initial rate of adsorption from solution is very 
rapid, final equilibrium may not be reached for many hours. 

The adsorption process appears to be the same for thoroughly cleaned and 
reduced powders as for oxide-coated powders. With the clean powders, however, 
the amount of adsorption is increased in some cases owing to an increase in the 
surface area brought about by the reduction and degassing procedure at 
200 c -250° C. 

A comparison is made of the adsorption results and the boundary lubricating 
properties of acids, alcohols, and esters. There is some discrepancy in the 
behaviour of the alcohol, since it is more readily adsorbed on metal powders 
than the ester, whereas it appears to possess poorer lubricating properties. 
With the fatty acid and ester, however, there is close agreement between the 
frictional behaviour and the adsorption measurements. The fatty acid, which 
is more readily adsorbed (and which may reaet to form the metal soap) is a more 
effective boundary lubricant than the ester. 


It has generally been assumed that long chain polar compounds are 
adsorbed on metal surfaces, and that these adsorbed layers are responsible 
for the boundary lubricating properties of solutions of these substances in 
oils and other solvents. There are many references in the literature 
which deal with the lubrication of metals by polar substances dissolved 
in various solvents, but few which refer to a study of the adsorption 
process in detail. 

The adsorption of polar compounds at the liquid-mercury interface 
has been studied by Barnard and Wilson 1 and more recently by Wolf,* 
but their results cannot be applied directly to the lubrication of solid 
metal surfaces by adsorbed polar substances. Heymann and Boye * 
have investigated the adsorption of a homologous series of fatty acids 
on gold powder. No adsorption was observed for the higher acids such 
as myristic acid. 

Very recently, Zisman and co-workers 4 have studied the formation 
of oleophobic monolayers on metal surfaces immersed in solutions of 
long chain polar compounds. While not measuring adsorption directly, 
these workers have thrown considerable light on the formation of mono- 
layers on metals, a problem of fundamental importance in boundary 
lubrication. 

The only direct investigation of adsorption and boundary lubrication 
has been carried out by Hutchinson * using non-metallic solids. The 

1 Barnard and Wilson, Jnd. Eng. Chem., 1922, 14, 682. 

1 Wolf, Z . angew . Chem., 1942, 55, 295. 

8 Heymann and Boye, Kolloid-Z. t 1932, 59, 153. 

4 Bigelow, Picket and Zisman, /. Colloid Sci., 1946, I, 513. 

4 Hutchinson, Trans. Faraday Soc 1947# 63, 439. 
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adsorption from solution of a large range of polar compounds on finely 
divided sodium fluoride was studied, and the results were applied to the 
lubrication of similar solids by the same solutions. 

This paper is concerned with a preliminary investigation of the 
adsorption of polar compounds from solution on finely divided metal 
powders. 


Experimental 

The adsorption was measured by the method of Hutchinson. 6 Appropriate 
volumes of solution, before and after adsorption, were spread on to a surface 
balance and the decrease in concentration due to adsorption calculated from the 
decrease in area of the film at constant pressure. This method has the great 
advantage that it is applicable to any water-insoluble long chain polar compound 
and is therefore very suitable for the type of compounds used as boundary 
lubricants. 

Copper, silver, iron, nickel and platinum powders were used, sufficient 
quantities being obtained to enable all the adsorption experiments to be carried 
out on the same batch of powder. The copper was prepared by electrolysis, 
the silver by chemical precipitation, the iron from iron carbonyl and the nickel 
was probably reduced from the oxide. The platinum powder was a special 
non-porous sample. The powders were thoroughly dried in a vacuum desiccator 
before use and were shown to be free from grease contamination by washing 
with clean benzene and spreading the washings on the surface balance. Usually, 
the powders were not freed from oxide or from adsorbed vapours, but some 
experiments showed that cleaned and reduced powders give similar results. 

The long chain polar compounds used were stearic acid, m.p. 69-3 3 C, ethyl 
stearate, m.p. 30-6° C and octadceyl alcohol, m.p. 58° C. a.r. benzene which 
had been dried and redistilled over sodium was used as the solvent and no 
surface-active contaminant was detected in it when a sample was spread on a 
surface balance. 

The initial concentrations of the solutions used were determined by diluting 
a known volume and spreading a portion of this solution on a surface balance by 
means of a micro-pipette ; this gave a more accurate value than that obtained 
by direct weighing. In the absorption experiments 5 ml. of the solution were 
added to a stoppered tube containing a known weight (2-5 g.) of metal powder 
and the whole shaken at frequent intervals for 4 hr. At the end of this period 
a knowm volume of the solution was diluted, spread on the surface balance 
and the adsorption calculated. Satisfactory agreement between duplicate 
experiments was obtained. To standardize conditions, the tubes were placed 
in a thermostat maintained at 22 0 C w'hile adsorption was taking place and 
the surface balance measurements were made at a constant pressure of 2(> 
dynes/cm. This method was used successfully up to concentrations of 
50 mg./ml. ; at higher concentrations the experimental errors involved in the 
determination of the concentration become of the same order of magnitude as 
the change in concentration due to adsorption itself and the method becomes 
useless. 


Results 

(a) The Adsorption Isotherm. —Adsorption isotherms for stearic acid, 
octadecyl alcohol and ethyl stearate at 22° C are shown in Fig. 1, 2 and 3, in 
which the adsorption in mg./g. powder is plotted against the concentration of 
solution in contact with the adsorbent after 4 hr. The isotherms show that the 
maximum adsorption of stearic acid on all metals is attained at much lower 
concentrations than with the alcohol and the ester. Very strong solutions 
are necessary before any appreciable adsorption of the ester occurs, so that 
the results for the ester are subject to considerable error and must be considered 
as approximate values indicative of general trends. It is also interesting to 
note that a plot of the concentration C against Cm/x, where x mg, of adsorbate 
is adsorbed on m g. of pow'der does not give a straight line for the alcohol 
or the ester. This shows that the isotherms are not of the simple Langmuir 
type. It is not possible to test the validity of the Langmuir equation for the 
acid with the present data, since results at very low' concentrations have not 
been obtained. 
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The adsorption of the above compounds is almost certainly unimolecular. 
Harkins and Gans 7 have assumed this for acids, and have proposed a new method 
for determining the surface area of a powder based upon the adsorption of a 
suitable acid from solution. This method was used by Hutchinson • in his 
work on ionic crystals. Two assumptions are involved, (a) that at maximum 
adsorption the surface is covered by a close-packed oriented monolayer, and 
(i b ) that the area occupied by each molecule is the same as on an aqueous 
surface—that is, approximately 20 sq. A. Further support for these assumptions 
was obtained in the present work from area measurements on iron powder. 
The area calculated from the adsorption of stearic acid was 2100 cm.*/g., a 
value in good agreement with that calculated from the mean diameter of the 
spherical particles, 1730 cm.*/g. Similar comparisons for the other powders 
were not possible owing to the very irregular nature of the particles. Areas 
of the other powders calculated from adsorption data are as follows—copper 
27,200 cm. 2 /g., silver 6,800 cm.*/g., nickel 11,100 cm^/g., platinum 13,600 
cm.*/g. The area of copper powder is very doubtful since some chemical re¬ 
action between the powder and stearic acid was observed. 



Fig. 3. —Adsorption isotherms for ethyl stearate on metal powders from benzene 

solution at 2 z° C, 

It is interesting to consider these results in connection with frictional 
measurements made using solutions of these compounds in paraffin oil as 
boundary lubricants. Frewing • has shown that a solution containing from 
o-1 to 1*0 % of stearic acid will readily lubricate most metals, while concentra¬ 
tions of at least 50 % of ethyl stearate are necessary for the lubrication of steel 
surfaces.* Since the concentrations used by Frewing are of the same order 
as those found necessary to give a close-packed monolayer in the adsorption 
experiments, this indicates that a close-packed monolayer is required for effective 
lubrication. However, several workers have shown that alcohols are not 
effective boundary lubricants on any metal surfaces, either in the pure liquid 

• Frewing, Proc. Roy. Soc., A , 1944, 182, 270. 

7 Harkins and Gans, J. Amer. Chern. Soc., 1931, 53, 2805, 

• Hutchinson, Trans. Faraday Soc., 1947, 63, 443, 
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state or in hydrocarbon solution. The adsorption data show that alcohols 
are more strongly adsorbed than esters, so that they should be superior to esters 
as lubricants. A possible explanation of this anomaly is that esters may be 
hydrolyzed to some extent on the surface, forming some free acid, especially 
at high concentrations. 

Nearly all boundary lubrication investigations have been concerned with 
paraffin oil solutions but it is unlikely that great differences would occur with 
other hydrocarbon solvents provided that equilibrium conditions have been 
established. For instance, solubilities of long chain polar compounds do not 
vary a great deal in the various hydrocarbons, so that the adsorption equilibria 
might be expected to be similar in each case. Adsorption experiments carried 
out with hexane as solvent gave similar results to those obtained using benzene. 

( b ) The Effect of Oxide and Other Adsorbed Films, —The powders 
for which the adsorption isotherms were determined, were free from surface- 
active impurities and were dry, but there is little doubt that they were covered 
by a relatively thick oxide film and/or adsorbed gas films. These are the con¬ 
ditions normally encountered in friction experiments so that the above results 
should be used when discussing the effect of adsorption on lubrication. It is, 
however, of interest to determine the effect on adsorption of removing the 
oxide and adsorbed gases. For this purpose samples of metal powder were 
alternately outgassed and reduced in hydrogen at 200-250° for three days after 
which the glass bulbs in which the metal was contained were sealed off while 
still under vacuum. When required the bulbs were broken into the benzene 
solution. 

Table I shows some results for the adsorption of stearic acid on reduced 
and oxidized powders. In all cases the initial concentration of stearic acid 
was 10 nig./ml. and the adsorption was measured after the solution had been 
in contact with the powder for 4 hr. 

TABLE I. — Adsorption of Stkaric Acid from Benzene 

IO MCI...ML. AFTER 4 HR. AT 22 L C 


Powder 

Oxidized Powder 
Adsorption 
mg./g. 

Reduced Powder 
Adsorption 
mg./g. 

Ag 

127 

1*48 

C u . . . j 

10*30 j 

14-50 

Fe . . . | 

0-51 ; 

0-76 

Ni 

3 ‘*F S i 

3*43 

i’t ■ ■ • ! 

I 

320 | 

j 

4-77 


It will be seen that the amount of acid adsorbed increases when the powder 
is degassed and reduced at 200-250^ C. This suggests that the surface area 
may be increased slightly during the treatment. If higher temperatures are 
used, the powders sinter badly. 

(c) The Rate of Adsorption. —Except with copper, the initial rate of 
adsorption of stearic acid is extremely rapid, approximately go % of the 4-hr. 
adsorption occurring in the first 5 min. It was found that a stearic acid solution 
left in contact with copper powder for many hours developed a pale blue colour, 
presumably due to the formation of the copper soap. Since the maximum 
adsorption of alcohol and ester on copper is attained considerably more rapidly 
than with stearic acid, it w r ould seem that the slow chemical reaction is inter¬ 
fering w'ith the adsorption process in some way. The rates of adsorption from 
a 1 % solution of stearic acid in benzene on both oxidized and reduced powders 
are shown in Fig. 4, These results show' that the rates of adsorption are similar 
for oxidized and reduced powders. 

If the adsorption is allowed to proceed for periods longer than 4 hr., further 
increases in the amount of adsorption often occur. This is illustrated by the 
data given in Table II. 

It will be seen that this increase amounts only to a few' per cent, for iron and 
nickel, but for copper and silver it is rather greater. This increase may be 
associated with slow chemical reaction with copper, and possibly with a slow 
absorption into the interstices of the powder. (Examination under the micro¬ 
scope showed the powder to consist of extremely irregular particles.) With 
copper, chemical reaction is probably the more important factor. This is sup¬ 
ported by the observation that the effect is more marked for the fatty acid. 
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especially at high concentrations, than for the ester or alcohol. With silver, 
however, there is also an appreciable increase in adsorption with time for the 
alcohol and ester. Since chemical reaction between the silver powder and the 
alcohol is very unlikely this suggests that the effect is due to a slow absorption 
into the interstices of the powder. A similar explanation probably also applies 
to the other metals examined and it is clear that, in general, complete equilibrium 
is not attained for many hours. 



Fig. 4. —Graph showing the rates of adsorption of stearic acid from benzene 
solution 10 (mg./ml.) on metal powders. 

It must be pointed out that the results shown in Table II were obtained 
using various batches of powder, so that they may not be consistent with each 
other, nor with the results quoted earlier in the determination of the isotherm. 


TABLE II.— Adsorption of Stearic Acid from Benzene Solution 


Initial Concentration 
xng./ml. 

Metal 

4-hr. Adsorption 

24-hr. Adsorption 
mg./g. 

1-66 

Cu 

3*54 

3*89 


Fe 

0-44 

047 


Ni 

2*04 

2-31 

376 

Ag 

172 

224 


Cu 

7*04 

870 


Fe 

0*52 

052 


Ni 

2-50 

270 

5 'bi 

Cu 

5‘90 

6*53 


Fe 

0-38 

041 


Ni 

2*45 

2*55 

9-38 

Ag 

1*59 

170 


Cu 

6*29 

8*33 


Fe 

0-58 

058 
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THE LUBRICATION OF METAL SURFACES 
BY MONO- AND MULTI -MOLECULAR LAYERS 


By E. B. Greenhill 
Received 28 th January, 1949 

A study has been made of the boundary' lubricating properties of stearic 
acid, ethyl stearate, octadecyl alcohol and the stearates of copper and silver. 
Layers of these compounds were deposited, by the Langmuir-Blodgett method, 
on a flat metal surface and the friction between this surface and a clean slider 
of the same metal was measured. The minimum number of layers required 
to provide effective lubrication depends on the compound and metal used. 
Where a metal can be lubricated by a solution of one of these compounds in 
paraffin oil one or three deposited layers suffice but where a paraffin solution 
does not provide lubrication more than three layers are necessary'. This in¬ 
dicates that where paraffin solutions do effect lubrication the sliding surfaces 
are only separated by the monolay'er adsorbed on each surface. The results 
for platinum and silver show that metal stearates are more effective lubricants 
than stearic acid itself. 

The temperatures at which these deposited lay'ers cease to lubricate have 
been determined. In agreement with the results of other workers it is shown 
that breakdown of lubrication occurs at the bulk melting point of the compound 
except with stearic acid on a reactive metal where lubrication persists up to a 
temperature which corresponds roughly' to the softening point of the appropriate 
metal soap. 


The comprehensive investigations of Hardy 1 showed that thin films 
of polar compounds w'ere effective boundary lubricants when only a few' 
molecules thick. He suggested that an oriented monolayer of polar 
material was responsible for the boundary lubricating properties observed. 
Using the Langmuir-Blodgett technique for the deposition of monolayers, 
this suggestion has been confirmed by Langmuir,* Akamatu and 
Sameshima,* Isemura, 4 and Bowden and Leben. 6 These workers have 
either used glass or steel surfaces and have shown that the same initial 
lowering of the coefficient of friction is observed for a monolayer as for 
an excess of the lubricant. 

1 Hardy, Collected Works (Camb. Univ. Press, 1936). 

•Langmuir, Trans. Faraday Soc., 1920, 15, 62. 

3 Akamatu and Sameshima, Bull . Chem. Soc . Japan , 1936, n, 791. 

* Isemura, ibid., 1940, 15, 467. 

* Bowden and Leben, Phil. Trans. A, 1940, 339, 1. 
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Working with relatively thick layers of pure substances, Tabor • 
showed that the majority o 1 long chain boundary lubricants have sharply 
defined transition temperatures which are reversible. At this temperature, 
the frictional coefficient rises sharply and the type or nature of the sliding 
may change. In many cases the transition temperature corresponds to 
the bulk melting point of the lubricant, but it is definitely above the 
melting point when certain reactive metals such as cadmium and copper 
are lubricated by fatty acids. Bowden, Gregory and Tabor 7 have 
suggested that fatty acids lubricate above their melting points when 
they react with the metal surface to form metallic soap films which lub¬ 
ricate up to their softening or melting points. 

Hughes and Whittingham 8 and Frewing • have observed similar 
changes with mono- and multi-layers deposited by the Langmuir- 
Blodgett technique on stainless steel surfaces. The actual transition 
temperatures observed are similar to those found for an excess of the 
same lubricant. 

Much of this work on monolayers has been conducted with layers 
of doubtful composition, since some workers have used ordinary tap water 
as substrate for the deposition. Acid layers deposited in this way will 
contain a large proportion of calcium or other soaps. Also, nearly all 
workers have employed glass or stainless steel surfaces. This investiga¬ 
tion is concerned with the lubricating properties and transition temper¬ 
atures of mono- and multi-layers of pure acids, esters and metallic soaps 
deposited from conductivity water on a range of metal surfaces. It 
was hoped in this way to confirm and extend the results of previous workers 
and to throw further light on the boundary lubricating process. 


Experimental 

The apparatus used for the measurement of friction coefficients and transi¬ 
tion temperatures of boundary films was similar to that used by Bowden and 
Leben. 10 The load applied between the sliding surfaces was 4 kg. and the 
speed of sliding was approximately 0-007 cm. sec *. The temperature of the 
lower surface was controlled by means of a heating element placed inside the 
hollow- metal box on which the lower surface was mounted. The temperature 
was measured by means of a specially designed copper-constantan thermo¬ 
couple which was pressed on to the surface by means of a spring. This thermo¬ 
couple consisted of 0-035 mm. diameter wires sealed into a glass tube, the end 
of which was ground down until the wires were exposed. The end was made 
slightly convex and was coated with a layer of copper or silver in an evaporation 
apparatus. 

In this way the thermocouple possessed a small heat capacity and made 
thermal contact over a relatively large area, so that heat losses into the thermo¬ 
couple w T ere small and almost independent of the load and of the nature of the 
metal plate. For a plate temperature of ioo° C, for example, the error in the 
thermocouple reading w'as of the order of a few* degrees C. Similar errors are 
t0 occur due to the conduction of heat from the plate into the slider. 
Ihis was considerably reduced by constructing the slider in the form of a small 
metal tip mounted m an insulating glass holder. However, even with un¬ 
insulated sliders, theory and experiment show that for most of the metals used, 
- plate temperature of ioo° C the temperature drop is no greater than about 
5 C if the slider and plate are of the same metal. With the insulated sliders 
the error is even smaller. Since similar metals were used in all the following 
experiments the surface temperatures may be considered reliable to within a 
few degrees C. 

lower plate was heated continuously at a slow uniform rate (that used 
when the thermocouple was calibrated) during each determination of the 
transition temperature. 

! £ ab °f’ Na i ure > * 94 °. * 45 > 308 and 1941, 147, 609. 

Bowden, Gregory and Tabor, ibid., 1945, 156, 97. 

Hughes and Whittingham, Trans. Faraday Soc., 1942, 38. 9. 

Jl * wmg * Proc * R °y' Soc - A > ic m 2 , 181, 2 3 : 

10 Bowden and Leben, ibid., 1939, 169, 371. 
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In all cases except that of stainless steel, the metals used were spectro¬ 
scopically pure. The lower plates were approximately 3 in. x £ in. x t in. 
in size and were polished on grade 600 emery paper under water prior to an 
electrolytic degreasing process as recommended by Blodgett. 11 The specimen 
is made the cathode in a bath containing 20 g. NaOH in 1 1 . of 95 % methyl 
alcohol using a current of 1-1*5 A. The hemispherical sliders were all polished 
on 600 emery paper in a high-speed chuck and thoroughly rubbed on clean, 
degreased cloth to remove any traces of emery. 

The long chain compounds investigated were stearic acid, m.p. 69*3° C ; 
octadecyl alcohol, m.p. 58° C ; ethyl stearate, m.p. 30*6° C. These compounds 
were spread from a petroleum ether solution on the water surface of a Langmuir 
trough. Pure oleic acid or castor oil served as suitable piston oils, the latter 
being preferable for the ester and soap films. The water used in the trough was 
doubly distilled, a quartz still being used for the second distillation. For the 
deposition of soap films, the pH was adjusted to approximately 9*5 by the 
addition of a solution containing 30 g. KJICO3/I., o*(> g. KOH/1., and 4 g' NH 4 OH 
(o*88o)/l. A small concentration, usually 5 10 6 mole/ 1 , of the appropriate 

metal ion was obtained by the addition of a.r. salt. A fatty acid monolayer 
spread on the trough under these conditions will react to give a substantially 
pure soap : the actual composition of the films was not investigated (see 
Langmuir, 12 ' 13 ). In order to avoid irregularities in the films deposited on the 
metal surfaces, the metals were raised and lowered through the water surface 
by an electric ally driven device. In this way mono- and multi-layers could 
be deposited, though with the alcohol it was possible to deposit only the single 
monolayer. 

Results 

(a) The Effect of Film Thickness. —For efficient boundary lubrication, 
each metal requires a characteristic number of molecular layers of each lubricant. 
When a sufficient number is present, sliding is smooth and the coefficient of 
friction is reduced to a value which is roughly independent of the metal at 
temperatures below xhe transition jxhnt. The coefficient of friction usually 
lies between 0*08 and 0*12 although occasional values as low as 0*05 have been 
observed 011 the softer metals. Once tins value has been reached no further 
change occurs as the lubricating layer becomes thicker. Table I shows the 
minimum number of layers required by each metal for acid, ester and soap films. 
These results refer to films deposited on the lower plate only; no films were 
deposited on the slider. 


TABLE I.— Minimum Number of Molecular Lavers Required 
for Adequate Boundary Lubrication 


Metal 

Acid 

Ester 

Soap 

(Cu or Ag Stearate) 

Stainless steel (18/S) 

3 

3 

I 

( upper ..... 

3 

5 or 7 

3 

Silver ..... 

7 

11 or 13 

3 

Cadmium .... 

3 

— 


Nickel ..... 

3 i 

_ 

3 

Platinum .... 

i 

10 

1 

1 


ca. 9 

! 


After some preliminary’ work with acid films cadmium was not used owing to 
the difficulty of preparing a clean, polished surface unaffected by immersion in 
water. 

It will be seen that metallic soaps are the most efficient lubricants and that 
steel is the metal lubricated most easily. These observations are consistent 
with the results obtained when an excess of lubricant or a solution in paraffin 
oil is employed. For example, a 1 % solution of stearic acid in paraffin oil 
will lubricate steel, copper and cadmium, but not silver and platinum. Similarly, 
pure esters or their solution only lubricate steel effectively. It is seen that those 
metals which are lubricated under these conditions are those which require 
one or three molecular layers deposited from a Langmuir trough. 

11 Blodgett, /. Arner. Chem . Sac., 1935, 57, 1007. 

11 Langmuir and Schaefer, ibid., 1930, 58, 284, 
l * Langmuir and Schaefer, ibid., 1937, 59 > 2400. 
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It must be remembered that when the lubricant is applied directly to the 
surfaces an adsorbed monolayer is formed on each of the sliding surfaces, 
whilst in the above experiments the layers are deposited only on the lower 
surfaces. Further, layers deposited by the dipping method are probably less 
perfect than those adsorbed from solution. For these reasons it can be assumed 
that the behaviour of three monolayers deposited on one surface is not sig¬ 
nificantly different from a monolayer adsorbed on to both surfaces. These 
results therefore show that on reactive surfaces “ one or two " monolayers of 
fatty acid are sufficient to provide effective lubrication. On non-reactive metals 
many more layers are necessary. If, however, films of metallic soap are de¬ 
posited on the surfaces, even a non-reactive metal such as silver is lubricated 
by 3 monolayers. This again emphasizes the effectiveness of soap films in 
boundary lubrication. 

(£) Transition Temperatures of Mono- and Multi-layers. —The transi¬ 
tion temperatures of these films were measured as soon as possible after 
their deposition on the metal surfaces. The results are the mean of several 
determinations on freshly prepared surfaces and sliders. Some metals appeared 
to give less reproducible results than others so that in these cases six or more 
determinations were made. With all precautions, it was found that the agree¬ 
ment between successive results w^as occasionally better than 5 0 C and never 
worse than io° C. 

Transition temperatures are recorded in Table II for acid, ester, alcohol and 
soap films. These temperatures are those which correspond to the complete 
breakdown in lubrication. In all cases, the number of layers given in column 3 
is the minimum required to give the effective lubrication at room temperature. 

TABLE II.— Transition Temperatures of Mono- and Multi-Layers 


Metal 

{ 

j Lubricant 

Number of 
Layers 

! Transition 

Temperature °C 

Stainless steel (18/8) 

Stearic acid 

3 

130 

Ethyl stearate 

3 

78 


Octadecyl alcohol 

1 

40-45 


Silver stearate 

1 

I 4°\ Very 


Copper stearate 

1 

148 j variable 

Copper. 

Stearic acid 

3 

90 

Ethyl stearate 

7 

3 i 


Silver stearate 

3 

l2 7 


Copper stearate 

3 

94 

Silver .... 

Stearic acid 

5 

09 


Ethyl stearate 

1 

1 

No lubrication 
for 11 layers 


Silver stearate 

3 i 

11 3 


Copper stearate 

3 I 

90 

Nickel .... 

Silver stearate 

1 

3 

112 


Copper stearate 

3 

no 

Cadmium 

Stearic acid 

3 

90 

Platinum 

Stearic acid 

27* 

69 


Silver stearate 

10 

122 


Copper stearate 

10 

120 


(* Not minimum thickness.) 


Experiments show that there is a tendency for the transition temperature 
to increase slightly as the thickness of the layer is increased above the minimum, 
but the difference is usually small. 

According to the theory proposed by Bowden, Gregory and Tabor 7 the 
transition temperatures of pure fatty acids on metals with which they can react 
ought to be the same as those for layers of the appropriate metal soap. Copper 
lubricated bv three layers of stearic acid should then behave similarly to copper 
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lubricated by three layers of copper stearate. Table III shows that this is 
indeed the case : for stearic acid on copper, lubrication persists up to 90 ° C 
while for the copper soap itself lubrication is effective up to approximately the 
same temperature. On the other hand, as we saw before, unreactive metals such 
as platinum or silver are not lubricated by fatty acid films above their melting 
point. If, however, a metal soap of sufficient thickness is directly applied to 
these surfaces the lubrication is effective up to a much higher temperature. 
For example, with copper stearate films on silver, lubrication persists up to 
96° C whereas for stearic acid the transition temperature is the melting point, 
69 0 C. These results support the view that the lubrication of copper by stearic 
acid is due to the formation of a surface film of copper stearate. The results 
further suggest that the lubrication observed is essentially a property of the soap 
film itself and is not markedly dependent on the nature of the substrate. 


TABLE III.— Transition Temperatures for Films of Minimum Thick¬ 
ness REQUIRED FOR LUBRICATION 


Metal 

■ 

Lubricant 

1 

Stearic acid, | 
m.p. 69° C J 

Copper stearate, 
m.p. 111 0 C 

Silver stearate 
m.p. 180 0 C 

Excess 
Stearic Acid, 
m.p. 69® C 

Copper 

90 

94 

125 

108 

Silver . 

69 

9 <> 

113 

69 

Platinum 

69 

120 

! 

122 

09 

i 


Bowden, Gregory and Tabor 7 and Gregory and Spink 14 have associated 
the final transition temperature with the bulk softening point of the metal 
soap. The softening or melting points of copper and silver stearates, recorded 
by Lawrence, 15 are given in Table III. It will be seen that transition temper¬ 
atures and melting points are of the same order for copper stearate, but large 
discrepancies occur with silver soaps. Since metallic soaps soften over quite 
a large temperature range and have ill-defined melting points, discrepancies 
of this order are only to be anticipated. When the melting point is sharp, as 
with pure acids, esters, and hydrocarbons, there is usually a close agreement 
between transition temperatures and bulk melting points. This is shown by 
stearic acid layers on silver and platinum surfaces where no chemical reaction 
occurs. 

Using monolayers, Frewing * and Gregory and Spink 14 have observed tem¬ 
porary rises in the frictional force which occur at temperatures below the final 
transition temperature. In the present work, similar changes have been ob¬ 
served in “ soap " films. Copper and silver stearate films show definite fluctu¬ 
ations of the coefficient of friction at 6o-8o° C, i.e. near the melting point of 
stearic acid. These fluctuations may be due to the melting of some free acid 
present in the film (even when deposited at a pH of 9*5) or the soap films them¬ 
selves may undergo a phase change near the melting point of the acid from which 
they are derived. 

This work was carried out in the Department of Physical Chemistry, 
Cambridge, as part of a joint programme between the Research Laboratory 
on the Physics and Chemistry of Rubbing Solids, Cambridge, and the 
Division of Tribophysics, Council for Scientific and Industrial Research, 
Australia. I should like to express my thanks to Dr. F. P. Bowden 
and Dr. Tabor for their advice and encouragement during the course 
of this work. I am also indebted to the Ministry of Supply (Air) for 
grants to the Laboratory, and to C.S.I.R. (Australia) for enabling me 
to carry out this work at Cambridge. 

Research Laboratory on the Physics Division of Tribophysics , 

and Chemistry of Rubbing Solids, C.S.I.R., Australia. 

Department of Physical Chemistry , 

Cambridge. 

14 Gregory and Spink, Nature , 1947, i$9, 403. 

15 Lawrence, Trans . Faraday Soc., 1938, 34, 660. 



DIFFUSION IN MEDIA WITH 
VARIABLE PROPERTIES 


PART I. THE EFFECT OF A VARIABLE DIFFUSION 
COEFFICIENT ON THE RATES OF ABSORPTION 
AND DESORPTION 


By J. Crank and M. E. Henry 
Received 4th February, 1949 

Numerical solutions of the diffusion equation in one dimension are obtained 
for a number of diffusion coefficients varying in different ways with the con¬ 
centration of the diffusing substance, in order to see how the form of the dif¬ 
fusion coefficient influences the relative behaviour of the absorption and de¬ 
sorption-time curves. In all the cases examined it is found that, when the 
diffusion coefficient increases uniformly with increasing concentration, absorption 
is quicker than desorption throughout, but that, when the diffusion coefficient 
decreases with increasing concentration, the reverse is true. When the diffusion 
coefficient first increases, passes through a maximum value and finally decreases 
as concentration increases, the absorption and desorption-time curves may 
cross each other and the conditions for which this occurs are examined. 

The accuracy of an approximation to j*DdC is considered and on the basis 

of this approximation a new method of evaluating the diffusion coefficient- 
concentration relation from experimentally determined absorption-time curves 
is suggested. 


1 . Introduction.—Earlier experimental work on diffusion was largely 
concerned with measurements of a diffusion coefficient in systems for which 
it was reasonable to suppose that this coefficient was constant. Similarly, 
the formal mathematical solutions of the diffusion equation which have 
been developed, at least for the non-steady state, are almost entirely 
confined to the special case of a constant diffusion coefficient. In many 
systems, however, the diffusion coefficient not only varies but varies 
so considerably that conclusions based on the assumption of a constant 
coefficient may be entirely misleading, and some of the most interesting 
features of the systems may be overlooked. Such systems, which 
include the diffusion of organic liquids and vapours into polymer films 
and into fibres are now being extensively studied not only because of 
their importance in fundamental research work but also because they are 
of considerable technological interest to the textile and other industries. 

It seems desirable, therefore, to consider, in as general a way as 
possible, some of the properties associated with a variable diffusion co¬ 
efficient. In the present paper the problem is approached by evaluating 
approximate numerical solutions of the diffusion equation for a number 
of diffusion coefficients varying in different ways with the concentration 
of diffusing substance. The method of obtaining the mathematical 
solutions is described briefly but the emphasis of the paper is on the 
behaviour of the calculated absorption and desorption-time curves 
associated with the different diffusion coefficients, 

630 
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A method of deducing the relation between the diffusion coefficient 
and concentration from a number of experimentally determined absorption 
or desorption-time curves is suggested on the basis of the results presented 
in this paper. 

2. The Diffusion Equation and some Transformations.— Suppose 
a sample of material in the form of an infinite plane sheet of thickness 
2 1 is immersed in a bath of liquid or vapour of infinite extent. If it 
is assumed that the rate-determining process controlling the absorp¬ 
tion of liquid or vapour by the sheet is one of diffusion, the absorption 
process can be examined by evaluating solutions of the appropriate 
form of the diffusion equation. It will be convenient to refer throughout 
to the diffusing liquid or vapour as the penetrant, a term which can 
include solvents as well as swelling agents. 

Since the diffusion is here one-dimensional, the diffusion equation is 



where C is the concentration of the penetrant, D x the diffusion coefficient 
assumed to be a function of C only, t is the time variable and x the space 
variable. In order to study the rate of absorption, solutions of (1) are 
required subject to the boundary conditions 

C = C 0 , X = — /, X = +/,<> o. . . . (2) 

and the initial condition 

C = O, ~ l < X < /, t ras O. . . . (3) 

In practice the thickness 2/ of the sheet can only be assumed constant 
as diffusion proceeds if the molal volume of the penetrant molecules is 
effectively zero within the sheet. In general this is not so, and usually 
as the sheet absorbs penetrant its volume is increased, that is, the sheet 
swells. This implies that, in terms of the space variable x, the condition 
(2) is to be applied on a moving boundary, the motion of the boundary 
depending on the solution of (1) which itself depends on the motion. 
This awkward situation can be avoided by introducing a new variable 
of length 2, defined such that unit increment in z always includes unit 
mass of the material of the sheet, and therefore the range 111 z between 
the two faces of tlu* sheet is constant, being equal to the mass of the sheet 
per unit area. Provided the concentration of penetrant is also defined 
111 terms of z, i.e. is defined as the mass of penetrant per unit mass of sheet 
in any element of overall volume, the diffusion equation and the boundary 
conditions for the swelling sheet aie found to take the same form as (1), 
(2) and (3). The relevant diffusion coefficient is defined as the ratio of 
the flux of penetrant across unit area of a section fixed so that the mass 
of sheet on either side of it remains constant, to the space gradient of 
concentration of penetrant at the. section, both the concentration and its 
gradient being measured in terms of the new variable z. These trans¬ 
formations apply whether the molal volumes of the material of the sheet 
and of the penetrant are independent of composition or not, and so the 
following treatment of equations (1), (2) and (3) is of general application 
to both swelling and non-swelling sheets except in so fax as there may be 
complicating features other than the change of volume. 

It is convenient to introduce the non-dimensional variables 

c = C/C 0 , £ — xjl, r ■=■= D Q tjl a , D = Dx/Dq, . . (4) 

where L) is a function of c conveniently written in the form, 

D - 1 + f(c) .(5) 

so that T> 0 is the value of Z) x when c = o. Equations (1), (2) and (3) 
then reduce to 
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c = i, £ = — i, ( = i, r > o, . . , (7) 

c = o, — i < £ < i» t = o. . . . ( 8 ) 

3 . Evaluation of Numerical Solutions.—In the early stages of 
diffusion, when the concentration of penetrant has not become appreciable 
at the centre of the sheet, the problem reduces to one of diffusion into a 
semi-infinite sheet with constant surface concentration, i.e. considering 
the surface f — 1, solutions of (6) are required for the conditions, 

c- = 1 , i - £ = o, c —> o, x - f -V oo, T > o, . . ( 9 ) 

c- o, I — f>o, T = o.( 10 ) 

For these conditions Boltzmann 1 has shown that the concentration may 
be expressed as a function of a new variable 77 where 

V = (1 - O/iri .(II) 


The partial differential equation (6) then reduces to an ordinary differ¬ 
ential equation in 77, namely 


+ 


dc 

2r % 


d 

drj 


(*?,)■ 


and the required solutions must satisfy the conditions 
c — I, 77 — o, c -► o, Tj —> co . 


(12) 


(13) 


Numerical solutions of (12) can be obtained for a given relation be¬ 
tween D and c, using a standard iterative method of integration. 2 Thus 
on integration, eqn. (12) may be written 


e “ 1 -^Io5 exp {-I 0 5 d,, } d, »' • • (I4) 

where A is a constant determined by the conditions (13). By taking 
D to have the constant value D — 1, which is its value at c = o, a first 
approximation to c may be evaluated and it is in fact the well-known 
solution 

c = 1 — erf 77, . . . . (15) 

2 c* 

where erf 77 = -r I e-* 7 dx. .... (16) 

it* Jo 

It is usually found in practice for the diffusion coefficients considered 
here that when 77 > 4-0, c is effectively zero, which indicates the relevant 
range in 77 over which the integration must be carried out, i.e. the con¬ 
dition c — o, 77 > 4*0 replaces c -> o, 77 00 in practice. Using (15) 

and (5), D is evaluated at equal intervals in 77 (every o-i in 77 was found 
to be satisfactory for most cases considered) and hence (14) is evaluated 
to give a second approximation to c at each 77, having first determined 
A so that (13) is satisfied. The process is repeated till successive ap¬ 
proximations to c agree to within the order of accuracy required. If the 
error function solution (15) is taken as the first approximation, corre¬ 
sponding values of c after the fourth and fifth approximations differ 
by less than 5 in the third decimal place in all cases considered here. 
With a little experience this order of accuracy can be achieved after only 
one or two approximations by making a better first estimate of the 
solution than is afforded by (15). If c = o at the chosen upper limit 
of 77, e.g. 77 = 4-0, but dc/dTj * o, then the iteration is repeated for a higher 
upper limit of 77. The suggestion that this method might prove suitable 
in this case was made to us by Prof. D. R. Hartree. 

1 Boltzmann, Ann. Physik., Leipzig, 1894, 53, 959. 

2 Levy and Baggott, Numerical Studies in Differential Equations (Watts, 
^ 934 )- 
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The transformation (n) is only useful in the early stages of diffusion 
when the concentration at the centre of the sheet is effectively zero. 
For later times the original equation (6) must be used. Approximate 
numerical solutions can be evaluated by replacing the derivatives with 
respect to both £ and r in a particular way by finite difference ratios, 
and details of a convenient iterative procedure have already been 
published. 8 The application of the method to the present problem needs 
only a brief explanation. 

From symmetry, only half the sheet need be considered, and the con¬ 
dition c = 1, £ = — 1 can be replaced by 

<>c 

T( ” °’ f “ 0 . (I7) 


The range o < £ < 1 is divided into p equal intervals &£, and c, n _ x , c m 
and c m ^ l denote concentrations at time r at the points (m — i)8£, m8£ 
and (m 4 - i)8£ respectively. If the corresponding concentrations at 
time t -f 8r are denoted by c' m „ v c' m and c' m+1 respectively, the ap¬ 
propriate finite difference form of (6) may be written 

/ 8r ——* f f 

C m ~ C m -f* ipm 4“ C m )} 

- + C m) ~ (<C X “ (l8) 

where D m _\, the mean values of D in the interval 5 t at the points 

(m -f an d (m — 4 ) 8 £, are taken to be the values of D for con¬ 
centrations (c' mn -f c mn + c' m -j- cj /4 and (ci- x + c m _ x -f c', 4* c m )M re¬ 
spectively. Equations (18) for different in in the range o < m < p form 
a set of simultaneous algebraic equations for c' m as a function of in, given 
c m for each value of in, which are solved iteratively as described in the 
earlier paper. 8 The boundary condition c = 1, £ = 1 means — i, 
and using (17) the special equation for in = o is 

= ^0 4- 4- c x ) - (c ' 0 + c 0 )}], . . (19) 

since c_ x — r fl , — 7 \. 

An alternative method of treating eqn. (6) is to use a transformation 
suggested by Eyres, Hartree and others. 4 Thus on introducing a modified 
concentration s defined by the relation 



eqn. (6) reduces to 


?£ _ c 5 !* 

dr d£ 2 ’ 


of which the appropriate finite difference form is 


(20) 


(«) 


S m — 4- - [( S mAi 4" -i s m “t" $«*) ~h ( S m-i 4* (22) 

which takes the special form, 

s 0 = s 0 4- {K + s i) “ ( 5 0 4" 5 0 )}» • • ( 2 3) 


where in — o. Both the forms (i8) and (22) have been used in the present 
work, and in general (22) is to be preferred since introduction of the 
means is avoided. 

3 Crank and Nicolson, Proc. Camb. Phil. Soc., 1947, 43 * 50. 

4 Eyres, Hartree, Ingham, Jackson, Sarjant and Wagstaff, Phil. Trans. 
Roy. Soc. A, 1946, 240, 1. 
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Evaluation of (14) gives values of c at a number of values of 17 in the 
range o < 77 < 17 where y llm is the value of 77 at which c becomes effec¬ 
tively zero, i.e. c < o*ooi in this work. The condition that this shall 
occur at some ( satisfying £ > o, i.e. that the sheet is still behaving as 
a semi-infinite one, is that 2rfi7 llm < 1 (see 11) and this condition deter¬ 
mines the latest time r at which the semi-infinite sheet solution is valid. 
When £ values are converted into 77 values by (11), the solution of (14) 
provides values of c at a number of values of £ at this time, from which 
to start the iterative solution of eqn. (18) or (22). Eqn. (i 2 ) must be 
used for small r because the presence of a singularity at r — o makes the 
use of finite difference ratios inaccurate in that neighbourhood. The 
singularity is removed by (11). 

If M t denotes the total amount of penetrant absorbed by the sheet 
at time t and M ^ the equilibrium absorption attained theoretically after 
infinite time, then 



The corresponding problem in desorption calls for solutions of the 
same diffusion eqn. (16) with the boundary conditions 

c — o, f — — 1, £ = 1, r — o, . . . (25) 

replacing (7), and the initial condition 

c = i, — 1 < £ < 1, t = o . . . (26) 

replacing (8). If M t is the amount of penetrant desorbed now, and 
is the amount desorbed after infinite time, then 

M r 1 r 30 

ir = 1 + f cd * = 1 - 2 T* f . . (27) 

M ^ Jo Jo 

Thus the rates of absorption and desorption are readily calculated from 
the results of evaluating (14) and (18) or (22). 

In general for all the forms of diffusion coefficient considered, values 
of c were evaluated at intervals of o-io in 77, though occasionally for tin* 
desorption process it was necessary to use intervals of 0-05 near the surface 
of the sheet and also sometimes permissible to use intervals 0-20 towards 
the upper end of the range in 77. In the finite difference equations the 
range in £ was divided into 8 intervals, i.e. p — 8. The value of St 
used depended somewhat on the relation between D and C but usually 
St/ (8£) 2 = 1/10 approximately. 

4 . Absorption and Desorption-Time Curves.—D iffusion Co¬ 
efficients Increasing and Decreasing Uniformly with Con¬ 
centration Increasing. Using the methods described above, the 
overall rates of absorption and desorption of penetrant by a plane sheet 
of material have been calculated for a number of diffusion coefficients 
varying in different ways with the concentration of the penetrant. The 
relation between the diffusion coefficient and the concentration need not 
necessarily be known in algebraic form ; an empirical relation, given 
for example in graphical form, can be handled just as easily by the methods 
of this paper. In the present work, algebraic relations have been chosen 
for simplicity in reference. 

The simplest type of variable diffusion coefficient considered is one 
which increases linearly with concentration throughout the range, i.e. 
in terms of the nomenclature used above, 

D — 1 -f ac, . . . . (28) 

where a is a constant. Numerical solutions have been evaluated for 
a — io-o, 7*5, 4-8, 2*5, o-o ; the last value implies the constant diffusion 
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coefficient D s= 1 and a well-known formal solution exists for this case. 5 
The value 4-8 was used instead of 5*0 because calculations for this value 
had already been carried out in connection with other work on the 
diffusion of direct dyes into cellulose. Values of D 0 t/l 2 for absorption 
are tabulated in Table I for each value of a at intervals of o-i in M t /M^ 
and the corresponding values for desorption are tabulated in Table II. 
Fig. 1 shows the absorption and desorption-time curves for D — 1 10 c. 
Both curves have an infinite gradient at t = o and at all subsequent times 
the absorption curve lies above that for desorption. This behaviour is 
to be contrasted with that for a constant diffusion coefficient when the 


TABLE I.— Rate of Absorption Data. D - 1 + ac 


Mt / M * 

DJI * 

a — io-o 

a » 7.5 

a " 4-8 

a-2-5 ! 

a ■» o-o 

o-o 

0 

0 

O 

O 

0 

0*1 

0*001 

o-ooi 

0-002 

0*003 

O-OoS 

0*2 

0-004 

0006 

OO08 

0-012 

0-031 

0-3 

0010 

0012 

0-015 

0025 

0071 

0-4 

o-oi8 

0-020 

0-030 

0-045 

0-124 

o *3 

0*028 

0*055 

0-048 

0-073 

O-T97 

o-6 

0-041 

0-0418 

0-067 

! O-IIO 

0-286 

o *7 

0-054 

0-065 

0-092 

o-i 53 

0403 

o-8 

0-072 

0-090 

0131 

0*208 

j 0-565 

0-9 

O - TOO 

i 

0125 

0-188 

0-290 

1 0-848 

i 


TABLE II. —Rate of Desorption Data. D = 1 -f ac 


Dot/l* 


M t ',M * 



a — io-o ! 

« “ 7-5 ! 

a -48 1 

a =* 2-5 

a = o-o 

o-o 

0 

O 

0 

O 

l O 

0-1 

O-OOI 

0-003 

0003 

0-006 

0-008 

0-2 

0-006 

o-oio 

0012 

0 020 

0-031 

0-3 

o-oio 

0*020 

0 026 

<>•037 

0-071 

0-4 

0-029 

0*033 

0*046 

0-066 

0-124 

0-5 

0-045 

0-055 

0-077 

0-120 

0-197 

0 • ( > 

o-o(>8 

o*oS8 

0131 

0-166 

0-286 

0-7 

| 

— 

0-198 

0-241 

0-403 

0-8 

— 

— 

•— 

— 

0-565 

0-9 

— 




0-848 


absorption and desorption curves coincide as indicated by the single 
curve of Fig. 1 for D = 6, which is the mean D. Both the absorption 
and desorption processes occur more rapidly for D — 1 \oc than for 
D = 1, a result which is discussed in detail below (§ 5). Curves of similar 
shape and properties to those of Fig. 1 are obtained by plotting the data 
of Tables I and II for the intermediate values of a . 

The linear dependence of D on c is a special case of a relation of the 
form 

D — 1 -f ac n . .... (29) 

Values of D 0 t/l 2 for absorption and desorption are tabulated at the values 
of M t /Ma shown in Table III for diffusion coefficients of the type (29) 

5 Carslaw and Jaeger, Conduction of Heat in Solids (Oxford, the Clarendon 
Press, 1947). 
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having a = 4-8 and n = 1/3, and 3, respectively. The values for n = 1 
are, of course, to be found in the columns headed a — 4*8 in Tables I 
and II. Absorption and desorption-time curves are shown in Fig. 2 
for n = 3*0 and o-o. It is obvious from (29) that n = o, a = 4*8, cor¬ 
respond to the constant value D = 5-8 and in Fig. 2 the absorption and 
desorption curves are seen to coincide for this value of n. For n = 3 
the absorption curve lies wholly above the desorption curve as in Fig. 1. 
These curves and the data of Table III show that for a given value of a 
the rates of absorption and desorption are both greater the lower the 
value of the exponent n. 

TABLE ITT. --Absorption and Desorption Data. D — 1 + ac n 

* V /* 2 


M t /M x, 

a — 4-8 ; 

n =» 1/3 

a -*= 4-8 

; 3 

Absorption 

Desorption 

i 

Absorption 

Desorption 

0 

0 

! 

O 

O 

O 

or 

o-ooi 

0-003 

0003 

0-005 

0*2 

0-006 

0-009 

0-012 

0-019 

o *3 

0-014 

0-017 

0-027 

0-043 

0-4 

0-02 I 

0029 

0-046 

0-072 

0-5 

0-041 

0-047 

0-079 

o-110 

o*6 

0-059 

| 0-066 

0-114 

0-165 

o *7 

0-082 

0-097 

0154 i 

0-257 

0*8 

0114 

0-140 

0-204 

— 

o -9 

0-168 

1 

1 

1 

1 0-270 

. _ 


The data presented in Tables I, II and III suggest that whenever the 
diffusion coefficient increases throughout with increasing concentration 
the whole process of desorption takes place more slowly than the cor¬ 
responding absorption process, and in particular the final stages of de¬ 
sorption proceed very slowly compared with the final stages of absorption. 
This latter is a well-known phenomenon in the drying of polymer sheets 
and fibres and is to be expected on grounds of general reasoning since 
as desorption proceeds, the concentration throughout the sheet approaches 
zero and hence only the small values of the diffusion coefficient associ¬ 
ated with low concentrations are operative, whereas, in the last stages 
of absorption the concentration is everywhere high and tending to the 
value c ~ 1 so that the rate is determined by the larger values of D only. 

If (1 — c) is written for c, the diffusion eqn. (6) is unchanged in form 
but the boundary conditions (7) and the initial condition (8), which 
formerly referred to absorption, now become the conditions for desorption, 
and similarly the original conditions (25) and (26) for desorption become 
those for absorption. This means that the solution for absorption when 
D is a given function of c, is also the solution for desorption when D is 
the same function of (1 — c), and vice versa. For example, the curve 
labelled absorption in Fig. 1 for D = 1 -f 10c is also the desorption curve 
for D = 1 -f 10(1 — c). In this way the following general conclusions 
about the absorption and desorption processes associated with a diffusion 
coefficient of this kind may be drawn without further calculation. When 
the diffusion coefficient decreases uniformly as the concentration increases, 
the desorption-time curve lies wholly above the absorption curve and in 
particular the last stages of absorption proceed always more slowly than 
the last stages of desorption. If D is of the form 

D = i -f a(i — c) n , 

the above data show that when n = o both absorption and desorption 
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are quicker the larger a is, and for a given a both processes are slower 
the larger n is. 

The Diffusion Coefficient Passes through a Maximum. In 
Fig. 3, three different diffusion coefficients are plotted as functions of 
concentration. They correspond to the algebraic relations : 

D = i + I4*8c(i — c) t . . . . (30) 

D = 1 -f- iooc 2 e- l0c *, ..... (31) 

D = 1 + 100(1 - C )* e - 10(1 -c>*. . . . (32) 

All three satisfy the conditions D = 1 when c = o and c = 1, and the 
maximum value of D is approximately 47 in each case. Eqn. (30) is 



a symmetrical form in which this maximum occurs at c = 0*5, while the 
maximum values for (31) and (32) are at c = 0*3 and 07 respectively, 
since (32) follows immediately <rom (31) by writing (1 — c) for c. The 
rates of absorption and desorption data for these diffusion coefficients 
are presented in Table IV. Since (30) is symmetrical in c and (1 — c) 
it follows from what was said above that for the boundary conditions 
considered throughout this work the absorption and desorption-time 
curves are coincident, and this is, of course, true for any symmetrical 
relation between D and c. The results show that for D given by (31) 
with a maximum at c = 0-3 the desorption curve lies wholly above that 
for absorption, while the opposite is true for the relation (32) where the 
maximum value of D occurs at c — 07, 

The relative behaviour of the absorption and desorption-time curves 
is affected by the relative values of the diffusion coefficient at c — o 
and c = 1, and also by the position of the maximum in the D-c curve 
if one occurs. This suggests that, in some cases, the desorption curve 
may be above the absorption curve in the early stages of diffusion but 
later may cross it so that the final stages of desorption are again slower 
than those of absorption. This is likely to occur when there is a maximum 
in the diffusion coefficient-concentration relation and when the value of 
D at c 1 is greater than at c = o. 

In order to study this behaviour a diffusion coefficient-concentration 
relation of the form, 

D = 1 + a erf (pc) + yc .(34) 
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was used, where a, ft y are constants for any one curve. There is no 
significance in the precise form of (34) except that it leads to diffusion 


TABLE IV. —Absorption and Desorption Data 

(a) D — 1 -f I4*8r(i — c) 

(b) D " 1 4* loo^e- 10 ®* 

(c) D = 1 -f 100(1 — c)* e- 10(l - c)t 




D 0 tll* 


MtlM 0 0 

Absorption and 
Desorption for (a) 

Absorption for (6) 
Desorption for (c) 

Absorption for (a) 
Desorption for (6) 

0*0 

O 

O 

O 

o-i 

0*003 

0*005 

0*004 

0*2 

0*009 

o*oi6 

0*013 

0*3 

0*021 

0*027 

0*027 

o*4 

OO37 

0*065 

0*049 

o*5 

0*058 

0*102 

0*077 

o*6 

0*086 

0*159 

0*112 

o*7 

0*127 

0*244 

0*159 

o*8 I 

0*188 

— 

0*226 

o*9 | 

0*320 

1 

1 

— 


coefficient-concentration curves of the desired form and is convenient 
to handle numerically. From (34) and (16) we have 


d D 
d c 


2 a /9 


W -j- y = o 


• (35) 


when D has a maximum value. All curves given by (34) pass through 
the point D = i, c — o. The three further conditions that D shall 
have a prescribed value at c = 1 and a given maximum value at a pre¬ 
scribed value of c, can be satisfied by suitable choice of the parameters 
a, ft y, the desired values being readily determined by use of (34) and 
(35). A typical curve of this family, actually the one given by 

D = 1 4- 4-62 erf (6-1 or) — 3*126', . . . (36) 

which satisfies the conditions, 

D = 1, c = o, D = 2*5, c — 1, dD/dc = o, D = 4-7, c = 0-25, (37) 

is shown in Fig. 4. The absorption and desorption-time curves for this 
diffusion coefficient are shown in Fig. 5. The curves intersect at 

D 0 t/l* = o-86. 

For values of D 0 t/l 2 less than this, desorption proceeds more rapidly 
than absorption but after the intersection the desorption curve lies 
below that for absorption. This to be contrasted with the absorption 
and desorption curves shown in Fig. 6, which do not intersect and which 
are for a diffusion coefficient of the form, 

D = 1 4 ~ 29-86 erf (0*98^) — 23-40^. . . (38) 

This diffusion coefficient is also shown in Fig. 4 w'here it is seen to differ 
from that defined by (36) in that it has a maximum value at c = o*6 
instead of c = 0-25. The numerical data used to plot the curves of 
Fig. 5 and 6 and also for a further diffusion coefficient of the same general 
shape having a maximum value at c = 0*125, are tabulated in Table V. 
It is clear from inspection of these data that, keeping the end points of 
the diffusion coefficient-concentration curves fixed at D = 1 and D = 2*5 
and the maximum value of D — 4*7, as the position of the maximum 
value moves from c = 1 to c = o there is first a range of positions of 
the maximum for which the whole process of desorption is slower than 
absorption. Continuing to move the position of the maximum towards 

23* 




fusion coefiaent D 
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0-2 

j _ 1 _ 


Concert/rah on C. 

0-4 0-6 0-8 

J_I..1_—L „ 
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C ss o there is evidently a further range of positions for which the de¬ 
sorption and absorption curves intersect, the point of intersection occurring 
at successively larger values of D 0 /// 2 as the position of the maximum 



moves towards c *— o. There is some intermediate position of the maxi¬ 
mum for which the desorption curve crosses the absorption curve at the 
origin only and this is the limiting case between absorption and desorption 
curves which intersect for / > o and those which do not. It is difficult 
to detect the positions of the intersections occurring near the origin, 
and hence to determine the limiting case, when the absorption and 

TABLE V. —Absorption and Desorption Data 
I ) i -J a erf (fit) * yc 


/y 


M t lM 0 o 

* * 4*o6, P «= 1450, 

V = - 

OK - 4 

r • 

P -- 

f 1 - 

a =* 29 H6, 
Y - 

p — o*gS, 
23*40 ’ 

j 

Absorption J 

Desorption j 

Absorption , 

Desorption 

Absorption j 

Desorption 

o 

O 

i.. ' i 

. 

O 

O 

i 

0 

j 

O 

O 

o-i 

o-oo3 

0-002 

0*003 

0-002 i 

0-004 

0*005 

0-2 

o-oio 

o-ooS 

0-013 

0-011 

0*010 

O-o II 

0-3 

0-020 

0*017 

0-021 

0-020 

o-oi 8 

0-02 I 

°-4 

0-036 

0*031 

0*036 

0*033 

0*034 

0-038 

o *5 

0-057 

0-040 

0-058 

0*053 

0*052 

o-ooi 

o-6 

o-o80 

0*072 

0-088 

0-088 

0-076 

0*093 

c -7 

0-123 

o-io8 

0*127 

0-158 

o-lll 1 

0*155 

o-8 

0-175 

0-164 

0-178 

— 

0-158 ! 

0-252 

°*9 

0-245 

0-242 

0-243 

— 

0*246 

1 

— 
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desorption curves are plotted against (ZV// a ) since the gradients of both 
curves become infinite at D 0 t/l % = o. By plotting against (ZV// a )t, 
however, this difficulty is removed, since the curves are linear for small 
values of D 0 t/l 2 , a property which follows directly from relations (24) 
and (27). 

It is found that the limiting position of the maximum for which inter¬ 
section of the absorption and desorption curves occurs at D 0 t/l* = o 
(in which case the rates of absorption and desorption are equal at t = o), 
is about c — 0-26. When the maximum occurs at higher values of c 
than this, desorption is slower than absorption right from D 0 ///* = o, 
but when the maximum lies in the range o < c < 0*26 the desorption 
curve is first above the absorption curve but crosses it later so that the 
final stages of desorption are again slower than those of absorption. 

Still confining attention to the general form of variable diffusion co¬ 
efficient expressed by (34), it is to be expected that the critical position 
of the maximum for which the absorption and desorption curves have 
equal gradients in the neighbourhood of / = o when plotted against 
(D 0 /// a )I will vary as the value of D at c = 1 is caused to vary, taking 
the maximum value to D to remain constant and the condition D = 1, 
c = o to be satisfied in all cases. This expectation is confirmed by the 
results presented graphically in Fig. 7, where the critical position of the 



Fn;. 7. 


maximum is plotted as a function of the value of D at c — 10. The 
critical position is seen to move towards c = o as the value of D at c = 1 
is increased. 

The points at each end of the curve of Fig. 7 were arrived at by general 
reasoning and the intermediate points by calculation. Thus considering 
first the case where the value of D at c — 1 is very close to 4*7, which 
is the value of the maximum D for this family of curves, it is clear that in 
general for a D-c curve of this type the diffusion coefficient is effectively 
increasing over the whole range of concentration and absorption will 
be quicker than desorption throughout. This is true for all positions 
of the maximum except when the maximum is so near to c = o that the 
diffusion coefficient is effectively constant over the whole range of con¬ 
centration, in which case the absorption and desorption-time curves 
coincide and c ~ o is therefore the limiting position of the maximum 
when D = 4-7 at c = 1. 

By an extension of this argument the critical position of the maximum 
can be determined when D = o at c = 1. It was seen above that the 
absorption-time curve obtained when D is a certain function of c is the 
same as the desorption-time curve when D is the same function of (1 — c) 
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and vice versa. It follows immediately that if, when D is a certain function 
of c, the initial rates of absorption and desorption are equal, they will 
also be equal when D is the same function of (1 — c), i.e. if the critical 
position of the maximum value of D is c = c m in the first case, it will 
be 6=1 — c m in the second case. Now if D is a function of c such that 
D is very small when c = 1, the corresponding function of (1 — is 
such that the ratio of the maximum value of D to the value at (1 — c) = 0, 
is almost the same as the ratio of the value of D at (1 — c) = 1 to the 
value at (1 — c) = o. This relation approximates to the type just 
considered above and the critical position of the maximum value of D 
is at (1 — c) = o and therefore at c = 1 for the original D-c curve. 

For any D-c curve of the general family under discussion the relative 
behaviour of the absorption and desorption-time curves can be deduced 
from Fig. 7 if the value of D at c = 1 and the position of the maximum 
are known. Four regions are to be distinguished, in two of which the 
absorption and desorption-time curves intersect at some time satisfying 
t > o, and in the other two they do not intersect when t > o. When the 
value of D at c = 1 is greater than i*o, the initial rate of desorption is 
more rapid than that of absorption if the curves intersect, and vice versa 
when D < i*o at c = 1. 

The position of the critical maximum no doubt depends on the 
magnitude of the maximum value of D, and also for a given maximum 
value, it will depend to some extent on the detailed shape of the diffusion 
coefficient-concentration curve. An examination of these effects is clearly 
possible along the lines of the present paper. There is little indication, 
however, that the results obtained would be of sufficient interest to justify 
the considerable amount of labour involved in a general investigation of 
this kind, and so no attempt has yet been made to carry the work beyond 
the stage already described. 

5. A New Method of Measuring a Variable Diffusion Coefficient.— 

When the diffusion coefficient is constant and equal to D 0 , say, the ab¬ 
sorption and desorption curves coincide and are given by the formal 
solution, 




1 — 


0 


(2 n -f 1) 2 tt‘ 




(39) 


where M t is the amount absorbed or desorbed as the case may be. 

If an experimental absorption-time curve is obtained for a system in 
which the diffusion coefficient is constant, the value of this constant can 
be determined by comparing the experimental curve 'with the one cal¬ 
culated using (39). If the diffusion coefficient is not constant, however, 
this comparison yields some mean value D of the coefficient. The 
particular mean measured depends on how the comparison is made. A 
simple comparison is to choose D such that the calculated and experi¬ 
mental curves coincide at 50 % absorption, i.e. M t /M ^ — 0*5. 

In order to discover the significance of D measured in this way the 
calculated absorption curves for the variable diffusion coefficients dis¬ 
cussed above have been compared with the formal solution for a constant 

diffusion coefficient and a value of D obtained in each case. In Table VI 

f e«l 

the values of D are compared with corresponding values of \ Ddc, 

which are readily calculated in each case from the known relation between 
D and c . Here c = 1 is the concentration of penetrant at the surface of 
the sheet in the reduced_yariables. 

It is seen that when D is measured from the absorption data alone it 
provides an approximation to 

1 c 

f Ddc = (1 /C 0 ) f 9 DdC 
Jo Jo 

i.e. to the integrated mean of the diffusion coefficient between the extreme 
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limits of concentration existing at the start of diffusion. The greatest 
error in this approximation for the diffusion coefficients examined in 
Table VI is about 23 %. When the desorption data alone are used to 
estimate D the errors are slightly greater on the whole, the largest being 
about 26 %, the two errors being in opposite senses. By taking the mean 
of the values of 5 estimated from absorption and desorption data separ¬ 
ately these % errors are considerably reduced, the largest being about 3 %. 

TABLE VI 


D = 1 -f -/(0 


m 

. . 

f 1 Ddc 

J 0 

Absorption 

Desorption 

Mean of Adsorption 
and Desorption 

D 

0/ 

Error * 

D 

% 

Error * 

D 

0/ 

/o 

Error * 

IOf . 

6-00 

7 -I 4 

+ 19 

4'44 

— 26 

579 

— 3 

7 ' 5 C • 

475 

5 *60 

4 19 

3' 6 4 

-23 

4‘<>5 

— 2 

4 -Sc . 

340 

4' 1 5 

+ 22 

2*58 

-24 

3 ' 3 b 

— i 

2*5C . 

2*25 

2 '77 

+ 23 

i*66 

-26 

2*22 

— 1 

4* 8c 3 . 

2 * 20 

2*55 

+ 1() 

I* 80 

-18 

2* 17 

- 1 

4 * 8 £ 1/3 

4*60 

4*88 

+6 

4*20 

-9 

4'54 

— 1 

100c 2 e~ 1 ° £ ' 3 

2- 3 s 

i-g8 

-17 

2*62 

+ 10 

2*31 

-3 

I4*8c(i~c) 

4*ot> erf (14*50 

3'47 

3 4 2 

— I 

3 ’ 4 2 

-1 

3*42 

— 1 

-^ 5 * • ' • 

4*62 erf (f>*ir) 

3-84 

3 ' 4 « 

-9 

4'oS 

+ <> 

378 

- 2 

-yie . 

3-65 

, 

345 

”5 

374 

+ 2 

I 3*59 

1 

— 2 

i 


The data of Table VI suggest a method of deriving the relationship 
between diffusion coefficient and concentration. Thus suppose absorption¬ 
time curves are measured for several values of surface concentration C 0 . 
A value of D can be obtained for each curve as above and hence, by 
assuming as a first approximation that 

— X f Co 

D = ~ DdC, . . . . (40) 

C'O Jo 

a graph showing the integral as a function of C 0 can be plotted. Differ¬ 
entiation of this curve yields a first approximation to the diffusion 
coefficient. If now absorption-time curves are calculated by the methods 
of this paper for several values of C 0 and using the first approximation 
to the diffusion coefficient, the error involved in use of (40) can be estim¬ 
ated and a second approximation to the diffusion coefficient deduced. 
The process is repeated till two successive approximations agree to within 
the order of accuracy justified by the experimental data. 

A practical example of the use of this method is described in ref. 6 
and the process was found to converge satisfactorily after only three 
approximations. 

Courtaulds, Limited, 

Maidenhead, Berks, 


* This is the difference between D and [ Ddc expressed as a percentage 
„ r 1 JO 

°f l Ddc. 

8 Crank and Park, Trans. Faraday Soc., 1949, 45, 240. 
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The technique for determining dynamic surface tensions described here 
utilizes the changes in surface potential to follow the adsorption of solute mole¬ 
cules upon a freshly formed surface. Three different types of apparatus are 
described, a simple trough suitable for systems in which adsorption equilibrium 
requires a time greater than a few minutes, a Perspex channel suitable for times 
between ca. o*oi and 1 sec., and a jet suitable for times between ca. o-ooi and 
o-o 1 sec. Most attention has been given to the last two methods for obvious 
reasons. The hydrodynamics of the jet and channel are outlined to show how 
the age of the surface can be calculated from various known parameters. 

Methods for converting the measured surface potentials into surface tensions 
and surface concentrations, utilizing data from equilibrium static systems, are 
discussed. A number of typical results for aqueous solutions of isoamyl alcohol 
and sec.-octyl alcohol are presented graphically. 


The kinetics of adsorption and desorption processes at interfaces 
are of interest in connection with the general problem of diffusion, and 
are particularly pertinent to any detailed analysis of the formation and 
decay of foams and emulsions. Since the amount of adsorption can usually 
be obtained from the lowering of the surface tension, the problem is thus 
none other than that of determining a dynamic surface tension. 

Almost all the common methods for surface tension determination 
are of very limited value for dynamic studies, since the times necessary 
are much too long, many adsorptions being effectively complete in ca. 
0*1 sec. or less. Two methods capable of extension to such short times 
are the oscillating jet, an old method recently developed by Addison, 1 * ’ * 
and the flowing sheet method of Bond. 3 ’ 4 Both, however, suffer from 
certain inherent difficulties of a practical and theoretical nature. 

The present method, which utilizes the changes in contact potential 
to determine the dynamic surface tension and hence the amount of ad¬ 
sorption, arises very directly from the study of insoluble monolayers. 
The contact potential of water, or of a dilute solution of acid, is first 
measured in some suitable apparatus (depending on the time-scale of the 
adsorption under study), followed by the solution of the capillary active 
substance. The difference in contact potentials gives the so-called 
“ surface potential ” AT, from which the surface tension can be readily 
found after suitable static calibration measurements. So far the shortest 
time interval studied has been ca. o*ooi sec., but there seems no funda¬ 
mental reason why smaller times could not be reached, if necessary. 

Experimental 

Three different types of apparatus are described below, each suitable for 
a particular range of times. 

1 Addison, J. Chem . Soc., 1943, 543 et seq. 

3 Addison, Phil. Mag., 1945, (7) 36, 73. 

8 Bond, Proc. Physic. Soc., 1933, 47, 549. 

4 Bond and Puls, Phil. Mag., 1937, ( 7 ) 3 4 » 864. 
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(i a ) Surface Trough Apparatus. —If the time for half-adsorption is more 
than a minute or so, it is possible to use a simple adaptation of the ordinary 
surface trough, as shown diagrammatically in Fig. i. The surface of the trough 
can be swept by means of waxed glass slides and after thorough cleaning in this 
way, the contact potential of the water or dilute acid (F*q.) is measured by means 
of the potentiometer, utilizing a valve or suitable high-resistance electrometer. 



greater than ca. i min. 

In the work described here a silver wire coated with silver chloride formed the 
half-cell and it was found preferable to use N/ioo or N/iooo HC 1 rather than 
pure water. Having determined the trough is emptied and refilled with 

the solution under test. Its surface is then cleaned as above, and its contact 
potential (F« 0 in.) measured as a function of time. From the surface potential 
so found (AV s= F. 0 i n . — r M .>. the dynamic surface tension follows at once 
after measuring AV and y for suitable systems at equilibrium. For relatively 
slow adsorptions it is possible to obtain both AV and y on the same system, 
measuring the latter by the ring method for example. 6 

(b) “Channel** Apparatus. —Fig. 2 shows the principle of the channel 
apparatus, as it may be termed, which enables the surface tension to be 
measured for times greater than ca. o*oi sec. The apparatus, constructed en¬ 
tirely of Perspex, is tilted slightly so as to maintain a uniform depth over the 



Fig. 2. —Channel apparatus for determining surface potentials for surface 
ages between 0*02-1-o sec. 

whole length of the channel. The half-cell, consisting of a chloridized silver 
wire as above, is inserted into a side-arm as shown in Fig. 2. By means of a 
constant pressure-head device, in conjunction with a manometer, constant 
rates of flow could be readily maintained. In general it was found more con¬ 
venient to vary the velocity of the liquid (by varying the pressure head), rather 
than to move the air-electrode to various positions along the channel. 

6 Alexander, Trans. Faraday Soc. t 1941, 37, 15, 
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After the whole apparatus had been thoroughly cleaned, the dilute (N/100) 
HC 1 solution was run through and the contact potential measured over the 
possible range of flow rates. By means of a Y connection the capillary' active 
solution (also containing N/100 HC 1 ) was then substituted and the measure¬ 
ments repeated under otherwise identical conditions. Some typical curves 
obtained in this way are shown in Fig. 3. The average rate of flow was found 



Fig. 3.—I. Contact potential of N/100 HO plotted against flow rate. 

II. Contact potential of o-oi % sec .-octyl alcohol m N/100 HC 1 plotted 
against flow rate. 

III. Surface potential of o-oi % wr.-octyl alcohol in N/100 HC 1 plotted 
against flow rate. 

IV. Surface potential of 0*02 % see.-octyl alcohol in N/100 plotted 
against flow rate. 

V. Surface potential of o-oj % sec.•octyl alcohol in N/100 HC 1 plotted 
against surface age. 

directly by timing the outflow into a graduated cylinder. Fresh solution was 
used for each experiment so as to reduce the risk of contamination, and at least 
four repeat runs were made with each system. 

In order to find the true age of the surface it was necessary to examine in 
some detail the hydrodynamics of the flowing liquid in the channel. According 
to the usual treatment of Newtonian fluids (e.g. Prandtl and Tietjens,*) flow 
will be laminar provided the Reynolds number for the particular system does 
not exceed a certain critical value ( ca . 1,000). The Reynolds number I?, a 
dimensionless quantity, is defined as 

R = ur/v, 

•Prandtl and Tietjens, Applied Hydro- and Aero-Mechanics (McGraw-Hill, 
* 934 ). P- 14 - 
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where u is the mean rate of flow (i.e. rate in cm. 8 /sec. -r cross-sectional area of 
channel), v is the kinematic viscosity and r the hydraulic radius of the system. 
In the case of a channel the hydraulic radius is equal to 2A/W, where A is the 
cross-sectional area of the channel and W the length of the wetted periphery. 
(It reduces to r when the channel becomes a circular tube.) The kinematic 
viscosity v — rj/p, where y is the ordinary viscosity coefficient and p the density, 
and for the dilute aqueous systems considered here will not be sensibly different 
from the value for pure water. 

For the Perspex channel used, r = 0*369/1*53 = 0*24 cm., and in view of 
the volumes which would be required, flow rates greater than about 7 cm. 3 /sec. 
are undesirable. The maximum average velocity will thus be ca. 38 cm. s /sec., 
and the maximum Reynolds number ca. 910, so that for rates below ca. 7 cm. 8 /sec. 
flow will be laminar in this particular channel. 

The simplest method of calculating the surface age at any point along the 
surface of the flowing liquid is to assume that the flow is uniform and that the 
velocities of the bulk liquid and surface are identical and equal to the average 
velocity as defined above. In this case at a distance x from the point of forma¬ 
tion the surface age equals xA/V, where A = cross-sectional area of channel 
and V is the flow rate in cm. 3 /sec. It will be shown below that these assumptions 
are reasonable and that the velocity of the surface at the point where the 
contact potential is measured (1 cm. along the open channel) is equal to the 
average velocity of the bulk liquid. 

Consider first the effect of the two parallel walls and the orifice upon the 
velocity distribution at the surface. Before the entrance to the channel the 
velocity distribution will be parabolic, but then, owing to the change in cross- 
section and the sharp edges involved in the transition from the circular glass 
tube to the rectangular Perspex channel, this distribution will be destroyed. 
Under such conditions the velocity can be considered to be sensibly uniform, 
and hence equal to the mean velocity. As the liquid flows down the channel, 
flow will tend to assume a parabolic velocity distribution once again, and the 
distance x required for this transition is given approximately by the equation, 

x/(rR ) = 02(7 

(Prandtl and Tietjens 7 ). Thus if R — 1,000 (the critical value), x = 63 cm. 
For the results given here, measurements were made at x 6 cm. so that the 
velocity distribution will still be non-parabolic at this point, provided R < ca. ioo. 
(x -- (> cm. corresponds to a point 1 cm. along the open surface of the channel.) 
A Reynolds number of 100 corresponds to u --- 4 cm./sec., i.e. a rate of flow 
of o-8 cm. 3 /sec. Hence for flow rates exceeding this value, corresponding to 
surface ages less than ca. 0-3 sec., the velocity of the surface can be taken as 
the mean velocity u. (See also later.) 

(c) Jet Apparatus. —For studying adsorption at much shorter times, down 
to ca. o-ooi sec., it was essential to reduce the volume flow of liquid, otherwise 


To reservoir. 



biG. 4. — Jet apparatus for determining surface potentials for surface ages 
between o-ooi and o*oi sec. 

the requisite amounts would have become prohibitive. This was achieved 
/r , a vci y simple wa y» by means of a fine jet issuing from a circular orifice 
(b’g. 4)- The half-cell was inserted as before, and in order to ensure good 

7 Prandtl and Tietjens, Applied Hydro - and Aero-Mechanics (McGraw-Hill, 
1934 ). P- 25. 
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temperature control the supply tubes were thermostatted by a circulating water 
system. In this case it was found more convenient to keep the pressure head 
fixed and to move the air-electrode along the jet by means of a fine graduated 
movement. As before dilute HC 1 was first run through, followed by the solution 
under test. The average rate of flow was measured directly as with the channel 
apparatus. Some typical results are shown in Fig. 5. 



Fig. 5.— I. Contact potential of 'Shoo HC 1 plotted against distance from 
orifice of jet. 

Jl. Contact potential of 001 ° n sec .--octyl alcohol in S/100 HC 1 plotted 
against distance from orifice, 

III . Contact potential of 0*02 ° 0 see .-octyl alcohol in N/roo HC 1 plotted 
against distance from orifice. 

IV. Surface potential of o-oi ° M see.-octyl alcohol in N/100 I 1 C 1 plotted 
against distance from onfue. 

V. Surface potential of 0-02 % sec .-octyl alcohol in N/100 HC 1 plotted 
against distance from orifice. 


The requisite diameter of the jet was calculated as follows (see Prandtl 
and Tietjens, 6 ). As pointed out above, for laminar flow 

R 1,000 - ur/v, 

where u — rate of flow in cm./sec. and v ~ o-oi in e.g.s. units ; also 

U r/rrr*. 

Therefore, 

1,000 -• V/irr < O'OT , i.e. V ~ iowr. 

It was desired to have a surface age of 1/500 sec. at a distance of 1 cm. from the 
orifice. 


0-002 


— 
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An approximate estimate 
by putting 


of the head required to give this flow was obtained 


tngh — iww 2 , 


where h — head of liquid, and u — rate of flow. For aqueous solutions this 
gave h — 130 cm. 

In calculating the surface potential it is necessary to take the difference 
between the contact potentials for the N/100 HC 1 solution and the solution under 
test at definite distances along the jet. Considerable discrepancy might thus 
arise if the diameter of the jet varied a great deal with the solution. Experi¬ 
ment shows, however, that such a discrepancy is small and often negligible, as 
shown for example by the results for N/100 HC 1 and 0*025 % cetyl trimethyl 
ammonium bromide at corresponding lengths given in Table I. 


TABLE I 

N/100 HC 1 0*025 % Cetyl Trimethyl Ammonium 

Bromide in N/100 HO 

Equilibrium y — 72-8 dyncs/cm. Equilibrium y — 36 dynes/cm. 

Flow Rate 0*55 cm. 3 /sec. Flow Rate = 0*548 cm. 3 /sec. 


1 

Distance from j 

Orifice (cm.) j 

Diam. (mm.) 

Diam. (mm.) 

0*5 ! 

0-400 

o *303 

i i 

0-401 

o *395 

*2 | 

0-400 

0*398 

3 

0*308 

0-398 

4 j 

0*385 

0-388 

5 i 

0-380 

o *377 

6 1 

0-370 

0-370 


(The jet begins to break up soon after 6 cm.) 


It is possible to allow for discrepancies in the rate and diameter of the two 
jets by plotting the contact potentials against time, calculated using the rate of 
flow and the mean diameter. A jet such as the one used here, moving with a 
high velocity, deviates only slightly from the horizontal, and any allowance 
to be made is very small. 

As before the surface age was calculated from the average rate of flow, 
assuming the velocity to be uniform across the thickness of the jet. Such an 
assumption seems reasonable for the free jet since the air friction will be slight, 
but the presence of boundary layers in the glass tube might introduce some 
errors at points close to the orifice. If such effects are appreciable the calcula¬ 
tion of surface ages would not be nearly so simple as the method given above. 
Since very little work of a practical or theoretical nature appears to have been 
done on these residual boundary layers, it was decided to try a few experiments 
to indicate their importance in the present work. The most obvious method 
was to vary the conditions widely and to see if the same potential-time curve 
was obtained. 

The first test involved reducing the rate of flow of the liquid by altering the 
head. This would be expected to increase the thickness of the boundary layer, 
which should thus exist for a longer time on the surface of the free jet, so that 
if boundary effects are appreciable the surface potentials at corresponding times 
should be greater (due to a closer approach to adsorption equilibrium) than the 
previously found values. In another test the shape of the tip of the tube was 
varied. The glass one used previously was replaced by one of a very different 
shape, made out of Perspex, and cemented to a glass tube (see Fig. 6, inset). 
In this modification only the central core of liquid emerges and this should be 
relatively unaffected by the boundary layer in the wider tube. In addition, 
no appreciable layer should form during the passage of the liquid through the 
Perspex orifice, since this is only ca. o*i mm. thick. 

Solutions of sec .-octyl alcohol were used in these experiments, and the 
results are shown graphically in Fig. 6. It can be seen that all variations tried 
gave essentially the same result, indicating that the effect of boundary layers 
is too small to invalidate seriously our present method of calculating surface 
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ages. A rather similar problem arises when considering the calculation of 
surface ages in the channel apparatus. Very little is known about boundary 
layers in such a system, but since the results obtained fit well with those from 
the jet, it seems likely that the errors are again negligible. 



Fig. (>.—Effect of variation of flow-rate and tip upon the surface potential. 
I. 0-02 % src.-octyl alcohol solution. 

II. o*oi % sec.-octyl alcohol solution. 

0 Results using glass tip and full head (flow-rate 0*56 cm. 3 /sec.). 

G Results using glass tip and half head (flow-rate 0-40 cm. 3 /sce.). 

0 Results using larger glass tip and full head (flow-rate 2*65 cm. 3 /sec.). 
Q Results using Perspex tip and half head (flow-rate 0*44 cm. 3 /sec.). 
Inset. Left—glass tip. 

Right—Perspex tip. 


Results and Discussion 

Translation of Surface Potentials into Surface Tensions and 
Amounts of Adsorption. —By means of the above apparatus it is 
possible to determine the surface potential AF as a function of the 
age of the surface for any times greater than about 0*00r sec. Fig. 3 
and 5 show a few typical results. The values of AV have then to be 
translated into corresponding surface tensions and, what is of more im¬ 
portance, into amounts adsorbed. 

The relationship between A V and y can be found very simply by 
measurements of both quantities upon solutions at equilibrium, using 
the large trough shown in Fig. x. The ring method for surface tension, 
utilizing the simple technique developed in this laboratory, 8 has been 
found very suitable. 

In the case of the channel apparatus a discrepancy was found between 
the equilibrium surface potential obtained by extrapolating the AK-rate 
curve to zero rate and that determined experimentally on the large trough. 
This difference is ascribed to electrical effects from charges on the sur¬ 
rounding Perspex. The difficulty was overcome by determining the 
static surface potentials used in the A V-y curve on the Perspex channel 
itself, when the agreement became reasonable, as shown by the following 
figures of Table II. 

Such a discrepancy is small in the case of the jet, as can be seen by 
studying the adsorption of isoamyl alcohol which is complete before 
the jet breaks up (see Table III). 

8 Alexander, Recent Advances in Surface Chemistry (Bordeaux Conference, 
1947) (in press). 
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When constructing the complete AF-time curve, utilizing the results 
from both apparatus, the charge effects on the Perspex channel are allowed 

TABLE II 


Substance 

Concentration 
(weight %) 

AV (mV) 

Value on Perspex 
Channel 

Found by 
Extrapolation 

Value on 
Glass Trough 

sec. -Octyl alcohol 

0*02 

160 

241 

*59 

it it 

0*01 

131 

205 

I2 7 

isoAmyl alcohol 

0*189 

*35 

197 

*35 

1 

0*05 

5 <> 

65 

50 


for by displacing the relevant AF’s by the difference between the static 
values from the Perspex channel and the glass trough. As Fig. 7 shows. 


TABLE HI. —Adsorption of ssoamyl Alcohol 


^onc. (g. mole/l.) 

AV (mV) 

From Glass Trough 

Equilibrium from Jet 

0*083 

234 

226 

0*0184 

102 

170 

0*004(1 

78 

85 

0*0023 

5 ° 

37 


a continuous curve is thus obtained. Typical y-time curves determined 
from the static AF-y calibration and the dynamic AF-time curves are 
shown in Fig. 7. Table IV below compares the surface tension values 



Fio. 7.—I. Surface potential for o-oi % sec .-octyl alcohol plotted against 
surface age. 

II. Surface potential for 0-02 % sec .-octyl alcohol plotted against 
surface age. 

III. Surface tension for o*oi % sec .-octyl alcohol plotted against surface 
age. 

IV'. Surface tension for 0*02 % sec.-octyl alcohol plotted against surface 
age. 
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so found with those found by Addison 9 * 10 from the oscillating jet method. 
A considerable divergence between the two techniques is apparent from 
Table IV, and further work is necessary for its clarification, although we 
feel that the present method, with its freedom from the theoretical 
difficulties associated with the oscillatory jet technique, is more likely 
to give the correct results. 

TABLE IV 


< 

162 % tsoAmyl Alcohol 

0-02 % sec.- Octyl Alcohol 


Present Method 

Addison 

Time 

(sec.) 

Present Method 

Addison 

Time 

x 10* (sec.) 

(Y t ~ V E )" 
dyne/cm. 

dyne /cm. 

<r t - r E )t 

dyne/cm. 

(y, -y E )§ 

dyne/cm. 

I 

54 

9-6 

0-08 

0*3 

0*8 

3 

23 

8-8 

O-Oh 

07 

17 

5 

i *4 

7-6 

0*04 

17 

3*5 

7 

0*4 

1 

()•() 

O’03 

2-6 

5 ‘5 


* y e - 59 V dynes/tm. 

t y E 62-5 dynes/cm. estimated from Addison.® 
t Y e 5 .Vi dynes /cm. 

§ r r 56*0 dynes/cm 10 

For determining the amount of adsorption (n or T ) (where n is 
the number of molecules and T the number of g. moles/cm. 2 of surface), 
recourse must be had either to the Gibbs adsorption isotherm or to an 
assumed equation of state. The former, for the dilute systems considered 
here, can be written in the form, 


r - 


RT 


dy 

X d in cf’ 


(1) 


where c and / are respectively the concentration and activity coefficient 
of the solute. 

With non-electrolytes such as alcohols the activity coefficient is ap¬ 
proximately independent of concentration, so that eqn. (1) reduces to 


r — — y - —- --- -- . y-- (->\ 

RT d In c 2 3RT ' d log 10 c 

From the y — log 10 c curve the adsorption can thus be found in 
g. moles /cm. 2 . Assuming the adsorption to be confined to a layer uni- 
molecular in thickness, for which the evidence seems fairly conclusive, 11 
the area per molecule can readily be found since 


TNA = 1 and n = 1 /A, 

where A is the area per molecule in cm. 2 and N is Avogadro’s number. 

With ionized solutes such as soaps and dyes the variation of activity 
coefficient with concentration is given approximately by the usual 
Dcbye-Hiickel expression provided micelles are absent, but above the 
critical micellar concentration the deviations become too great for this 
to be of value. For colloidal electrolytes in the micellar range it there¬ 
fore becomes necessary to obtain the adsorption from an assumed equa¬ 
tion of state, as outlined below. 

The study of adsorbed films of non-electrolytes such as alcohols has 
shown that over most concentration ranges the following equation of 
state is obeyed : 

n(A - A 0 ) = xkT . . . . (3) 


* Addison, J. Chem. Soc., 1944* p. -25^* 10 Idem , ibid., p. 277. 






660 DYNAMIC SURFACE TENSIONS 

where the surface pressure it = y a g. — y«om. A 0 is the co-area and x 
is a constant. In any given homologous series A 0 is constant, whereas 
x decreases with increasing chain-length. For any given compound x 
can usually be estimated from the chain-length, and A 0 from the study 
of insoluble monolayers of the higher homologues. With colloidal electro¬ 
lytes (soaps and dyes) in the micellar range (i.e. at the higher surface 
pressures), it is sometimes preferable to use the following equation of 

(n-n,)(A-A')=xkT . . . (4) 

where 77 0 is the (negative) spreading pressure of the hydrocarbon chains. 
/ 7 0 , A 0 and x can usually be estimated from the study of monolayers of 
related compounds (see for example Alexander n ). From the equation 
of state, and assuming as before that the adsorbed film is unimolecular 
in thickness, the adsorption follows at once. 

If the polar groups of the adsorbed molecules exert no mutual in¬ 
fluence then A V should be directly proportional to n, the molecular density 
in the surface. The study of insoluble monolayers shows that this is 
indeed often the case with unionized polar groups, the results frequently 
being expressed by the relation : 

AV — k'n, or AF = 4 nn^, . . . (5) 

where k' or fi depends upon the nature of the polar group, and is ap¬ 
proximately independent of n. Hence if the proportionality constant 
is known from insoluble monolayers of the higher homologues it is clear 
that adsorptions can be calculated directly from the surface potentials 
of the solutions. 

Fig. 8 gives a plot of A V — n in the case of sec. -octyl alcohol, the values 



Fig. 8 . —O Surface concentration calculated from the Gibbs adsorption 
isotherm. 

O Surface concentration calculated from the equations of state. 

of n being calculated from the Gibbs equation and from the equation 
of state 

IJ(A — 25) = 0*4 kT . 

It will be seen that the AV — n relationship is linear within the experi¬ 
mental error, the slope giving a value of 226 mD for /*, which agrees 
very closely with the value of ca. 230 found from insoluble monolayers 
of the higher homologues, and from other soluble alcohols. 12 ' 18 

• 31 Alexander, Trans. Faraday Soc., 1942, 38, 248. 

18 Adam, The Physics and Chemistry of Surfaces (Oxford Univ. Press, 
I 94 I » 3 r d ed.), p. 136. 18 Sawai, Trans. Faraday Soc., 1935, 31, 765. 
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The bearing of the results obtained by the above technique upon current 
theories of adsorption will be discussed in further publications. It may 
be pointed out, however, that in the case of the lower alcohols so far 
examined, the log (AF^ — AF) — t curve is linear within the experi¬ 
mental error, as shown in Fig. 9 (A Ve is the equilibrium surface potential. 



Fig. 9.—Log 10 (AT £ — A F) plotted against surface age. 

1 . o*oi % sec .-octyl alcohol in N/100 HC 1 . 

II. o-o2 % sec .-octyl alcohol in N/100 HC 1 . 

i.e. when t = 00). Since AF is directly proportional to n in these systems 
(Fig. 8), the kinetics of adsorption thus obey a first-order equation. 
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THE HEAT OF FORMATION OF BORON TRIOXIDE 


By W. Eggersgluess. A. G. Mon hoe and W. G. Parker 
Received yth November, 1947; as revised nth February, 1949 

The heat of formation of boron trioxide has been determined by a modified 
calorimetric method and found to be 281*1 ± 3*1 kcal./mole. This result 
supports an early value of 279*9 kcal./mole calculated by Berthelot (1897) from 
experiments of Troost and Hautefeuille (1876) and disagrees with the more recent 
values of 349 kcal./mole and 335 kcal./mole published by Roth and Boerger 
(1937) an d by Todd and Miller (194O) respectively. It is considered that a value 
of approx. 280 kcal./mole is correct and that the higher values cited can be 
attributed to the use in both instances of boron containing some combined 
hydrogen. Using the corrected value for the oxide the heat of formation of 
diborane (B t H e ) is calculated to be — 26 kcal./mole and not 4 - 44 kcal./mole 
as stated by Roth. Diborane is therefore an endothermic substance. 
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The first thermochemical determinations of the heat of formation of 
B a 0 3 were made by Troost and Hautefeuille, 1 who determined the heat 
of formation and of hydrolysis of boron trichloride in a mercury calori¬ 
meter. Their value of 312 kcal./mole was corrected by Berthelot * to 
279-9 kcal./mole. This value of Berthelot was generally accepted for 
40 years. In 1931 Pohland, 8 who determined the heat of formation of 
boron tribromide pointed out that Berthelot gave his corrected value 
only as “ approximate ” and that since this value was very uncertain, 
a new determination was desirable. In 1937 Roth and Boerger 4 5 made 
a new and more direct determination by burning boron and paraffin 
simultaneously in separate crucibles in oxygen in an isothermal bomb 
calorimeter. The heat of formation of B a 0 3 was calculated on the weight 
of B a O a determined by analysis after combustion and found to be 349 ± 3 
kcal./mole. Recently, Todd and Miller 6 burned spectroscopically pure 
boron together with benzoic acid in oxygen in a Parr isothermal bomb 
calorimeter and obtained the value 335-8 ± o-8 kcal./mole at 25 0 C. 
Neither group of investigators could explain their large deviation from 
the old value, and there is therefore a choice of three values viz., 280, 
349 and 335 kcal./mole. This is unsatisfactory and we have made a 
fresh determination and have considered the reasons for the deviations 
mentioned. This work suggests that the Berthelot figure may be nearer 
to the correct value than the others. 

Experimental 

In all our experiments we used a 300 ml. Kroeker bomb and calibrated it 
with pure benzoic acid. The apparatus was kept in a room maintained at 
20 0 C ± T C and temperature changes in the bomb calorimeter were observed 
with a Beckmann thermometer. The bomb was filled initially with oxygen 
at 400 lb./in. 2 (28-1 atm.) pressure and in our preliminary experiments we 
adopted the method of Roth and Boerger using medicinal paraffin oil in a 
separate crucible below the crucible containing the boron. It is perhaps neces¬ 
sary to explain that boron alone does not burn satisfactorily in oxygen owing 
to the formation of viscous B a 0 3 in the initial stages which forms a protective 
layer round the remainder of the boron. If it is burned with a substance which 
is more readily combustible e.g. medicinal paraffin oil, the B a O s layer is less 
effective and the reaction is more complete. The heat of combustion of the 
additive must be known (from a separate determination) and it is essential to 
base the calculation for the heat of formation of B 2 0 3 on the weight of B a 0 8 
determined by analysis after combustion and not on the weight of boron put 
into the bomb. The B a O a formed was determined by titration with N/10 
NaOII after addition of glycerol. The accuracy of this method was found to 
be o-2-0-3 % in agreement with Roth. A correction for the formation of nitric 
acid was found to be unnecessary provided the bomb was carefully flushed with 
oxygen before filling to pressure. 

We used the purest sample of boron available (Merck) which contained 
93*8 % boron and 5-2 % boric acid. A spectroscopical examination showed 
that Si and Mg were the only significant impurities. Subsequent examination 
by X-ray powder crystallography showed that apart from the lines attributable 
to boric acid there were a few rather weak lines indicating the presence of some 
other crystalline constituent. These lines could not be identified with published 
data on either silicon or magnesium compounds or any likely impurity except 
crystalline boron. It is not possible to state definitely that the lines were due 
to crystalline boron, however, since truly reliable data are not available for the 
element. Removal of boric acid by leaching out with water was not attempted 
although subsequent tests showed that this could be done satisfactorily with 
cold water. Hot water extraction caused a slow and progressive oxidation of 
the boron. In this investigation the determination of boric acid was made under 
identical conditions in both the original sample of boron and in the products 

1 Troost and Hautefeuille, Ann. Chim. Phys., 1876, 9, (5), 70. 

* Berthelot, ibid., 1878, 15, (5), 215, and Thermochimie (Paris, 1897), Vol. II, 

P- T22 - 3 Pohland, Z. anorg. Chem., 1931, 201, 282. 

Roth and Boerger, Ber., B, 1937, 7°» 48, 971. 

5 Todd and Millei, J. Amer. Chem. Soc., 1946, 68, 530. 



W. EGGERSGLUESS, A. G. MONROE AND W. G. PARKER 663 

of each combustion. Boric acid in the latter was that derived from the hydra¬ 
tion of B a O s formed in combustion as well as that associated with the quantity 
of boron used. 

In three preliminary experiments, which were made before we were aware 
of the recent determination of Todd and Miller, we obtained a mean value for 
the heat of formation of B a O s of 284 ± 6 kcal./mole at constant volume or of 
approx. 2S5 ± 6 kcal./mole at constant pressure. The error shown, viz. dz 6 
kcal./mole, is the root mean square error calculated in the usual way. 

The method has two disadvantages because (1) only a small part of the total 
heat evolved in the bomb is contributed by the boron viz. 8-10 % in our experi¬ 
ments, 15-19 % in those of Roth and Boerger and 11-14 % for Todd and Miller, 
and (2) the correction which must be made for the heat of hydration of B 2 O s 
is uncertain since B a 0 3 only reacts slowly with water. Todd and Miller con¬ 
sidered this to be the greatest error in their calculations. We sought to overcome 
these disadvantages by intimately mixing the boron with a readily combustible 
additive which did not contain hydrogen. Sulphur and red phosphorus which 
have acidic oxides were tried and in excess gave complete combustion with 100- 
200 mg. of boron. Boride formation probably occurs, however, since after the 
addition of water, H a S or PII S could be detected. Graphite did not burn com¬ 
pletely and different samples of charcoal were found to contain large percentages 
of hydrogen even after strong drying. Lampblack after heating for half an hour 
at iooo° C contained only o-8o % of hydrogen and it proved satisfactory in 
the bomb. A fresh series of experiments in which mixtures of boron and lamp¬ 
black were burnt was undertaken. The quantities of lampblack used are given 
in Table I together with the heat of hydration which would be evolved if all 
water (from the hydrogen of 'the lampblack) is used for hydration according to 
the equation, 

B a O a + H a O v- zHBO, + 8960 cal. 


TABLE I 

Quantities of Lampblack used and Possible Heat of Hydration 


Iixpt. No. 

Lampblack ! 

(mg.) I 

Hydrogen 

(mg-) 

' Water Formed 
j (millimole) 

1 

Heat of Hydration 
of B, 0 » 

(cal.) 

1 

1 

307-40 ■ 

2-46 

! 1,22 

10*9 

2 

35 b *45 

2*85 

! 1-41 

12-6 

3 

437*50 j 

3 * 5 ° 

; 1*74 

15*6 

4 

| 394 * 7 ° t 

yib 

1 *‘57 

14-1 

5 

; 429-50 

3*44 

! i* 7 i 

15*3 

b 

557 * 5 ° 

4-46 

i 2-21 

19-8 

7 

394 * 9 ° | 

3*10 

i *57 

! 

14*1 


As the quantity of B a 0 3 is much greater than that of H a O we may assume 
that in our experiments only this step in the hydration of B a 0 3 occurs and not 
steps (2) and (3) in the following : 8 


B a O s + II a O - 2 lII 30 a 4- 8960 cal. . . (1) 

2HBO a + 2H a O --- 2 H s BO, 4 9080 cal. . . (2) 


B,0 3 4- 311,0 = 2H3BO3 4 * 18,040 cal. . . (I) 

2H 3 B0 3 4- aq. — 2H 3 B0 3 soln. — 10,200 cal. . (3) 

B t 0 3 4- 3lI a O 4* aq. — 2lI 3 B0 3 soln. 4- 7820 cal. . (II) 

Reactions (1) to (3) are single steps whereas (I) is the summary reaction for total 
hydration and (II) for the total dissolution. 

As stated above we have used the figure of 8960 cal. for 1 mole of water in 
our calculations (reaction (I) would only yield 6013 cal. for 1 mole of water). 7 

• Roth and Boerger, loc. cit , 4 . 

7 Todd and Miller used a value of 10,800 cal./mole for assessing this correction. 
In their experiments reaction ( 1 ) can proceed quantitatively (they used boron 
mixed with benzoic acid) but only a relatively small amount of the boric acid 
can be dissolved as its solubility in water is small. We therefore think that 
in their work the value of the correction should approach 18,040 rather than 
7,820 kcal./mole, and this would reduce their final value. 
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If all the water formed during combustion of the lampblack is used up in the 
hydration of B a O s , an appreciable quantity of heat is released as shown in the 
last column of Table I. 

In Table II the initial quantities of boron are given and the quantities of B a O # 
determined after combustion. As the boron already contained a small amount 
of boric acid (i g. contained 0*84 millimole) this was subtracted according to the 
quantity of boron used. No evidence was obtained of a sub-oxide being present 
in either the original sample of boron or in the products of combustion. Neither 
showed any reducing properties. 


TABLE II 


Expt. 

No. 

Initial Wt. 
of Boron 
(g-) 

Initial 
Quantity of 
Boron 

(millimole B a ) 

Total B a O a by 
Analysis after 
Combustion 
(millimole) 

B 2 0a in 
Boron 
Initially 
(millimole) 

B a O a Formed 
in Com¬ 
bustion 
(millimole) 

1 

Boron 

Burnt 

(%) 

I 

212*00 

9* 80 

6*209 

0*089 

6*120 

62-5 

2 

123*10 

5*69 

3-673 

0*052 

3*621 ! 

63-6 

3 

124*45 

5*75 

3-3*2 

0*052 

3*260 

56-7 

4 

238-50 

11*02 

6*210 

0*100 

6*llo i 

55'5 

5 

274*95 

12*70 

6*970 

0*115 

6-855 

54 -o 

6 

247*75 

ii *45 

6*602 

0*104 

6-498 

56-8 

7 

120*00 

5*54 

2*818 

0*050 

2-768 ! 

I 

50-0 

! 


The results of all our calorimetric determinations with boron and lamp- 
black are given in Table III. The water equivalent of the calorimeter was 
3139 zh 5 cal. (error = ± 0*16 %) and the heat of combustion of the lampblack 
was 7795 ± 16 cal./g. (error = ± 0*21 %). 

TABLE III.— Heat of Formation of B 2 0 3 at Constant Volume 


Expt. 

No. 

Total Heat 
Evolved 
(cal.) 

Heat Contributed by the 
Boron 

Heat 

Contributed 
by the 
Boron * 

(%) 

Heat of Formation of 

B a O a kcal./mole 

No Hydration 
Assumed 
(cal.) 

Assuming 

Hydration 

(cal.) 

No Hydration 
Assumed 

Assuming 

Hydration 

I 

4219*4 

1775*2 

1764-3 

41*8 

2QO*l 

288*3 

2 

3860*0 

10 35 *° 

1022*4 

26*5 

285*8 

282-4 

3 

4392*7 

935*2 

919*6 

20*9 

28()*9 

282*1 

4 

4889*3 

1765*8 

1751-7 

[ 35*8 

289*0 

286*7 

5 

5268*8 | 

1873*8 

*858-5 

35*3 

273*3 

271*1 

6 

6171-7 

1779*0 

* 759-2 

28*5 

273*8 j 

270*7 

71 

3974 "-= 

850*2 

836-1 

21*0 

307*2 

302*1 


* With hydration ; the figures without hydration would be higher, 
t Boron treated with hydrogen. 

The average of the first 0 experiments gives for the heat of formation of 
B a O a from amorphous boron at 20° C (28*1 atm. O a pressure) : 

(a) Without correction for hydration, 

const, volume : 283*2 zb 3*i kcal./mole, 

const, pressure (calc.) : 284*1 4 - 3*1 kcal./mole, 

(error ± i*io %). 

{b) After correcting for hydration—assuming all the water formed during 
combustion combines with the B a O a , 

const, volume : 280*2 ± 3*1 kcal./mole, 

const, pressure (calc.) : 281*1 ± 3*1 kcal./mole, 

(error = ±1-11 %). 
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We consider that the true value lies between the values of (a) and (b) and ap¬ 
proximates more closely to the value of 281*1 i 3*1 kcal./mole since in the 
conditions of the experiment the B 2 0 3 is uniformly deposited in a very fine state 
of division together with the moisture on the sides of the bomb. Conditions 
are favourable for rapid and complete combination of the two. We also assume, 
as do the other investigators, that the B 8 O a is formed as a glass and is not truly 
crystalline, and we have adopted in our calculation the appropriate value for 
the heat of solution. 

A greater overall accuracy than ± 3*1 kcal. in these experiments was not 
possible on account of the limitations imposed by the type of calorimeter avail¬ 
able and in reading a Beckmann thermometer (~b 0*005° C). In comparison 
with previous investigations, however, this somewhat lower accuracy is partly 
compensated by the greater percentage of the total heat evolved which is con¬ 
tributed by the boron, viz. 20*9-41*8 % compared with 11-19 % in previous works. 


Discussion 

Our value of 281*1 kcal./mole supports Berthelot’s value of 279*9 
kcal./mole and disagrees with the results of Roth and Boerger and of 
Todd and Miller. Agreement between the latter two groups of workers 
is poor, viz. 349 and 335 kcal./mole respectively, and we have examined 
their papers closely. Roth prepared his boron by hydrogen reduction 
of BC'l 3 on a glowing tungsten filament and Todd obtained boron by 
thermal decomposition of B 2 H 6 . No details are given in either case of 
the final treatment of the boron produced, except that Todd examined 
the product spectroscopically and found it to be pure. We suggest that 
neither of these methods produces pure boron but a mixture of boron 
and boron hydrides, the higher homologues of which are solids. The 
composition of the product would be indefinite, which may explain the 
discrepancy between the results of the two groups of workers. By 
analogy with carbon, contamination with hydrogen compounds is very 
probable, since amorphous carbon produced by the decomposition of 
hydrocarbons contains a relatively high proportion of hydrogen, and 
complete removal of this hydrogen is a difficult matter requiring a tem¬ 
perature of more than 2000 C. The best sample of amorphous carbon 
we could procure contained o-8 % hydrogen: 1 % hydrogen in boron 
could produce an error of 8 kcal./mole in calculating the heat of formation 
of B a O a . Hydrides are not detected by spectroscopic examination and 
the emission spectra of the samples an* therefore no guarantee that the 
boron is pure. In order to support this explanation of the high values 
of Roth and Todd, we heated some of the boron we used in a stream of 
hydrogen at 400' C for \ hr. and then, without further treatment of this 
product made a calorimetric determination as before. We found that 
the value, for the heat of formation of B 2 0 3 had substantially increased 
to 302*1 kcal./mole (see Table III, Expt. 7). This increase is much greater 
than the experimental error and is attr.outed to the presence of hydrogen 
in the boron. The purity of our own sample of boron (Merck) has already 
been discussed and the method of determination is described below. 
The presence of Si and Mg also makes the apparent value higher than 
the true value but the error is very much smaller than with hydrogen. 
Similarly, a small quantity of crystalline boron if present would have 
only a secondary effect on the result. In the boron used these impurities 
did not exceed 1 % so that the maximum error in experiments 1 to 6 
is not greater than 14 kcal. 

The method which we adopted of mixing the boron with amorphous 
carbon of very low hydrogen content has two advantages over previous 
methods, because (1) a greater proportion of boron is burnt and as much 
as 40 % of the heat evolved may be due to the boron, and (2) only a 
very small quantity of water is produced and the necessary correction 
for hydration of the B a O a is relatively small. Todd and Millers* method 
of mixing boron with benzoic acid has the advantage of eliminating one 
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step in the procedure, namely, a separate determination of the calorific 
value of the additive, but it is subject to both the disadvantages already 
mentioned and also to possible intermediate compound formation. Roth 
and Boergcr in experiments with boron mixed with vaseline noted the 
disagreeable smell of boron hydrides when the bomb was opened. 

If we assume that in our experiments some of the carbon reacted 
with boron instead of burning to C 0 2 we would have a large error in our 
calculation. For example, io % of the carbon forming boron carbide 
would give an apparent increase in the heat of formation of B 2 C) 3 of 
approximately 40 kcal./mole. We have, however, several reasons to 
believe that the combination of carbon with boron does not occur in 
the conditions of our experiments : 

(1) In one experiment in which we analyzed the gaseous products we 
found practically all the carbon as C 0 2 , the quantity of CO was 
negligible ; 

(2) in our preliminary experiments in which we used the two crucible 
method and in which the formation of boron carbide seems to 
be impossible we found a similar low value ; 

(3) in three experiments not mentioned hitherto (two crucible method) 
with an impure boron which contained only 56 % of boron, we 
found for the heat of formation of B 2 0 3 the values 386, 394 and 
395 keal. calculated per mole B 2 0 3 formed. The principal im¬ 
purities were found to be Al, Mg and Si, whose heats of combustion 
per g. are 7*05, 6-oi and 7-23 keal. respectively. Assuming there¬ 
fore that these impurities arc burned in similar proportions to 
the boron and have an average heat of combustion of 0*5 kcai./g. 
we can make suitable corrections to the heat of formation of B 2 G 3 
given above. The recalculated values then become 285, 293 and 
295 kcal./mole respectively, which also favour the lower value. 

As we consider that the high values of Roth and Todd are due to the 
contamination of the boron with hydrogen or boron hydrides, it was of 
interest to calculate the thermochemical data for these compounds. 
Roth and Bocrger had found 


-f 100 kcal./mole. 


With the value of 7820 cal. for the heat of total dissolution of B 2 O s 
according to the above equation (II) we calculated the heat of reaction 
of diborane with water to be 102 kcal./mole. With this value and the 
value for B 2 0 3 established here we have 


2 B( g) -f i o 2(17) — B 2 o 3( ^ m) 

3H2O ^ = 3 H 2 ^ + 

Ba< ^ 3 (0) = + 3N 2 0 (;) 

2B (») + 3 H*, - B,H %) 


-f 281 keal. 

— 203 keal. 

— 102 keal. 

— 26 keal. 


Diborane (B 2 H 6 ) is therefore shown to be an endothermic compound 
with — 26 kcal./mole and not an exothermic compound with a heat of 
formation of -j- 44 kcal./mole as stated by Roth and Boerger. This 
result is more compatible with the reactive nature of this compound 
(it is not very surprising that B 2 H 6 is an endothermic compound com¬ 
pared, for instance, with SbH a which is also endothermic). 

We have tried to explain the high value of Todd and of Roth as being 
due to contamination of the boron with hydrogen. Assuming that the 
bonds in the higher boron-hydrogen compounds are of the same strength 
as in diborane (which may not be true in all cases) we can calculate the 
approximate heat of combustion of such compounds if the hydrogen con- 
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tent is known. If # is the percentage of hydrogen we get for the heat of 
combustion of such compounds : 

68*3 + 26/3 . 281 

#-^~ -4- (100 — x) -— 

Heat of combustion of mixture __ 2-016 __ 21-64 

~~~~*" " ' (100 — x) 

21-64 

s 545 * 4- 28,100 
(100 — x) 

We have calculated from this equation the heats of combustion for several 
values of x and plotted the results in Fig. 1 (curve 1). Assuming that 



Fig. 1. —Heat of Combustion of Boron Hydrides. 


higher hydrides may not be endothermic compounds we have calculated 
in a similar way, assuming the heat of formation to be zero, and obtained 

the expression for the heat of combustion of the mixture 

^100 — x) 

per mole B 2 O s . The results of this calculation are plotted in Fig. 1 
(curve II, dotted line). 

According to curve I therefore a hydrogen content of 1 % would 
give an increase of 8 kcal./mole for the heat of combustion of B 2 0 3 . In 
order to explain a value of 330 kcal./mole which we calculated from the 
experiments of Todd and Miller, a hydrogen content of 5-6 % would be 
necessary. This seems to be rather high but it is possible that the residual 
unburned " boron ” (50-60 % in their experiments) was cracked and that 
this hydrogen was also burnt, so that a contamination of only 2-3 % 
hydrogen would explain their high value. This suggestion may also 
explain why the heat of formation of B a O s appears to increase with the 
amount of B 2 0 3 formed in the experiments of Roth and Boerger. 

When we had completed this work wc found a new publication of 
Roth 8 9 in which he has made a recalculat ion of his old value and that of 


Todd and Miller using better values for the heat of hydration of B 2 0 3 . 
He then obtained an average value of 339 8 ± 2-3 kcal./mole. These 
considerations do not alter any of our conclusions. Some of his sug¬ 
gestions are already described in our work (e.g. the use of hydrogen-free 
substances, such as phosphorus or sulphur, for assisting the combustion 
of the boron). We cannot agree with his corrections for the heats of 
hydration and of solution (see our own discussion on this problem). 

Determination of the Purity of Boron. —Winslow and Liebhafsky • 
state that there is no accurate method for the determination of the boron 


8 Roth, Z. Naturforsch ., 1946, 1, 574. 

9 Winslow and Liebhafsky, J. Amer. Chem. Soc., 1942, 64, 2725. 
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content of commercial boron. They tried to determine the boron content 
after fusing with sodium peroxide or carbonate-nitrate mixtures or by 
chlorination and say that their results were not exact. 

We have made a number of experiments in an attempt to oxidize 
boron by using oxides, peroxides, nitrates, nitrites, bromates, chlorates, 
perchlorates, and persulpliates. We found PbO very convenient for the 
oxidation of small amounts of boron (approximately 20 to 50 mg.) in 
quartz test-tubes heated in a Bunsen flame. But in order to get a slow 
reaction the PbO must be fused and cooled before the boron is added. 
The reaction product was difficult to dissolve, however, and the quartz 
tube was corroded during fusion. Determination of the boric acid was 
also difficult in the presence of a large excess of lead salts. We therefore 
reverted to sodium peroxide and found that 20-30 mg. of boron mixed 
with approx. 300 mg. of sodium peroxide was completely oxidized after 
fusion for 10 min. The melt was white. After cooling the product 
was dissolved in water. Part of the solution was acidified, boiled to 
expel CO a , cooled and neutralized. The boric acid content of this was 
determined by titration with N/10 NaOH after addition of neutral glycerol 
solution. 

This paper contains the opinions of the authors ; the views expressed 
are not to be construed as official or reflecting those of the Ministry of 
Supply. Crown Copyright is reserved. It is published with the permission 
of the Controller of H.M. Stationery Office. 

Chemistry Department, 

Royal Aircraft Establishment, 

South Farnborough, Hants. 


A STUDY OF THE FINE STRUCTURE 
OF CARBONACEOUS SOLIDS BY 
MEASUREMENTS OF TRUE 
AND APPARENT 
DENSITIES 

PART II.—CARBONIZED COALS 


By Rosalind R. Franklin 
Received 15 th February, 1949 

Measurements of the true and apparent densities and adsorptive properties 
of coals carbonized at 600-1,650° C have been used to study the variation of 
the colloidal structure with the temperature of carbonization. It is shown that 
the true density increases with increasing carbonization temperature, reaching 
about 2-i g./cm. 3 at 1,100-1,200° C. 

The porosity of particles small enough to pass a 240 B.S. sieve is large (from 
7 %_to 2 3 %) and increases with increasing carbonization temperature in the range 
0oo v to 1,000° C. The specific surface increases with increasing carbonization 
temperature between 600° and 800 0 C. The accessibility of the pores and inner 
surfaces to liquids and gases decreases with increasing carbonization tempera¬ 
ture in the range 6oo° to 1,6oo° C and is governed by the width of fine constriction 
in the pore system rather than by the mean diameter of pores which are uniform 
along their length. As a result of this pore structure, the solids function as 
molecular sieves, the width of the constrictions in the pore system being of the 
same order as the diameters of the simple molecules used for the density 
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measurements (i.e. 2 to 6 A). This molecular sieve structure must be of im¬ 
portance in determining both the chemical behaviour of the solid and the 
composition of the gas evolved during carbonization. 


The industrial behaviour of coke prepared from any given coal is 
highly dependent on the maximum carbonization temperature. In 
particular, there is loss of reactivity when the temperature of carbon¬ 
ization rises above 650° C (the exact temperature varies from coal to 
coal), and the change is reflected in many of the physical and chemical 
properties of the material. For example, the adsorption of carbon 
dioxide, the reactivity to sulphuric acid, the dispersibility in sulphuric 
acid, the ignition temperature and the “ combustibility ” of a number 
of carbonized coals all decrease rapidly with increasing carbonization 
temperature above 700° C. 1 In an attempt to investigate the underlying 
structural changes, Cannon, Griffith and Hirst 2 * made an extensive 
survey of the internal surface areas of carbonized coals, as measured by 
their heat of wetting in methanol. They found that there was apparently 
a marked loss of inner surface above 55o°-65o° C. This change in struc¬ 
ture was further investigated by Maggs, 8 who studied the adsorption of 
methyl, ethyl and propyl alcohol vapours and showed that the apparent 
decrease in surface area resulted from a decrease in the accessibility of 
the inner surfaces. This is in accord with the earlier work of Macpherson, 
Slater and Sinnatt, 4 * who found that the moisture content of laboratory- 
carbonized coals after exposure to the atmosphere for 48 hr. was greatest 
for samples carbonized at about 700° C and that the rate of adsorption 
and desorption of moisture decreased rapidly with further increase in 
carbonization temperature. 

The measurements of the true and apparent densities of carbonized 
coals given in this paper make clearer the nature of the structural changes 
which occur between 6oo° and i,ooo° C and which result in the changes 
in properties mentioned above. In particular, it will be shown that 
carbonized coals contain a large volume of very fine pores and a large 
internal surface area, even after heating to temperatures above i,ooo° C. 
The porosity of the solid, due to these fine pores alone, increases with 
increasing carbonization temperature at least up to i,ooo° C. The loss 
of reactivity and the apparent decrease in porosity and in internal surface 
area arise from the diminished accessibility of the pores. 

The fine-structure porosity of a carbonized coal may be as high as 
20 %. It must be emphasized, however, that it is in no way related to 
the bubble-structure developed by coking coals in what is called the 
“ plastic " range. It is, in fact, much smaller in the products obtained 
from good coking coals than in those from anthracite and low-rank, 
weakly-caking coals which give no bubble-structure. Moreover, the 
greater part of the porosity is developed at temperatures above the 
plastic range, when the carbonized coal has already acquired a rigid 
structure and no further bubble-formation can occur. 

A considerable number of measurements of the apparent densities of 
carbonized coals have been previously reported. 6 * Although the influence 
of both carbonization temperature and method of density measurement 
was in no case systematically investigated, the results all appear to be 

1 South Metropolitan Gas Co., The Solid Products of Carbonisation of Coal 
(London, 1934). 

2 Cannon, Griffith and Hirst, Proc. Conf. on Ultra-fine Structure of Coals 

and Cokes (B.C.U.R.A., 1944), p. 131. 8 Maggs, ibid., p. 147. 

4 Macpherson, Slater and Sinnatt, Fuel, 1928, 7, 444. 

6 Rose, Ind. Eng. Chem., 1922, 14, 1047; Drakeley and Wilkins, J. Soc. 

Chem. Ind., 1931, 50, 331T; Hiles and Mott, Fuel, 1937, *6, 64; Smith and 

Howard, Ind. Eng. Chem., 1942, 34, 43 ; Milner, Spivey and Cofl, J. Chem. Soc., 

*943. 578. 
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consistent with those of the present work. This suggests that structural 
changes similar to those described below occur during the carbonization 
of all coals, and are not peculiar to the specimens studied here. 

Experimental 

Materials. — Carbonized Coals. Samples were prepared from the following 
four coals. 

Anthracite C: S. Wales anthracite, Group Ai, 94*2 % carbon (dry, 
mineral-free). 

Coal F : S. Wales coking coal, Meta-bituminous, 89*7 % carbon 

(dry, mineral-free). 

Coal H : Yorkshire caking coal, Meta-lignitous, 83*5 % carbon 

(dry, mineral-free). 

Coal K : Northumberland weakly caking coal, Meta-lignitous, 

82*4 % (dry, mineral-free). 

For carbonization at temperatures up to 1020° C samples ground to pass a 
72 B.S. sieve were heated in nitrogen in Nichrome-wound furnaces at 5 0 C/min. 
and held for 2 hr. at the maximum temperature. 

For carbonization at temperatures higher than 1020° C a molybdenum- 
wound tube furnace was used. The sample was first carbonized at iooo° C 
as above, and, if coherent, re-ground to pass a 72 B.S. sieve. It was then 
packed into a £ in.-bore carbon tube through which nitrogen was passed. The 
molybdenum furnace was brought to the desired maximum temperature, and 
the tube containing the sample was then advanced through the furnace in steps 
so that each part of the sample remained for 2 hr. in the zone of maximum 
temperature. During the initial stages, and again at the completion of the 
process, the closed end of a carbon sighting-tube was situated in the zone of 
maximum temperature, and the temperature was measured with an optical 
pyrometer. 

Analyses. —Proximate and ultimate analyses of the carbonized samples 
are given in Tables I to IV. 

TABLE I. — Analysis of Carbonized Coal c 


Carboniza¬ 
tion Temp., 

0 C 

Proximate Analysis 

; 

Ultimate Analysis (Parr’s basis) 

Moisture 

Volatile 1 
less 

Moisture 

Fixed 

Carbon 

Ash 

: 

Volatile 

Matter 

(dry, 

ash-free) 

Carbon 

Hydro¬ 

gen 

Nitrogen! 

j 

Oxygen 

+ 

Errors 

__ 

2-6 

4*7 

90*6 

2 ’ 1 

4*9 

94*2 

2*9 

I' 2 

! 1*7 

30 5 

1*6 

4*9 

91-4 

2*1 

5*1 

94*1 

2*8 

1-0 j 

[ 21 

410 

2*0 

4*5 

91-2 

2*3 

4*7 

94*6 

2-7 

0*9 

1*8 

510 

2-2 

I 4*3 

91*3 

2*2 

4*5 

94*7 

2*6 

0-9 

1-8 

605 

2-9 

3*9 

91*1 

2*1 

4 *i 

94*7 

2-4 

0-8 

2-1 

700 

4*4 

3 *o 

90*5 

2-1 

3*2 

95*5 

1*7 

o -9 

1-9 

805 

5*0 

2*5 

90-5 

2*0 

27 

96-3 

1*0 

o-8 

i ’9 

910 

4*9 

i \5 

9 i *5 

2*1 

1-0 

96-9 

o-6 

0-6 

1-9 

1,015 

0*1 

o -3 

97*3 

2-3 

o *3 

98-6 

o -5 

o-6 

0*3 


Liquids. —Methanol, Benzene, Acetone, Ether, Chloroform, Carbon 
Tetrachloride : Analar reagents were used. 

m-Hexane boiling at 67-69° was supplied by B.D.H. 

Carbon Disulphide was purified by treatment with potassium permanganate, 
mercury and mercuric sulphate according to the method of Hammick and 
Howard • and was subsequently dried and distilled. 

Gases. — Hydrogen was prepared by electrolysis of 10 % caustic potash 
solution saturated with baryta, and was purified by diffusion through a palladium 
tube. 

Oxygen, Methane. —Cylinder gases were used without purification. 

• Hammick and Howard, J. Chem. Soc., 1932, 2915. 
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Carbonisa¬ 
tion Temp., 
°C 

j Proximate Analysis 

Ultimate Analysis (Parr’sbasis) 

Moisture 

Volatile 

less 

Moisture 

Fixed 

Carbon 

Ash 

Volatile 

Matter 

(d* 7 » 

ash-free) 

Carbon 

Hydro¬ 

gen 

Nitrogen 

Oxygen 

+ 

Errors 

_ 

0*8 

24*0 

71*1 

4 * 1 

25*2 

897 

5*0 

1*8 

3*5 

405 

0-6 

19*6 

75*3 

4*5 

20*7 

89*7 

4*7 

1-8 

3*8 

510 

1*2 

12*0 

81*7 


12*8 

9 i *2 ! 

3‘2 

1*8 

3*8 

O05 

3*0 

6*0 

85*2 

5*3 

0*6 

93*9 

2*4 

1*8 

1*9 

700 

3’4 

40 

87*1 

5*5 

4-4 

95*3 

1*7 

1*9 

11 

915 

07 

1*9 

9i*i 

6*3 

2*0 

97*5 

o*6 

i*G 

o *3 


TABLE III. —Analysis of Carbonized Coal h 


Proximate Analysis j Ultimate Analysis {Parr’s basis) 


Carboniza- *“ ' 


irnomza- 
n Temp , 

0 c 

1 

1 Moisture 

1 

| Volatile 
| less 
Moisture 

| Fixed 

J Carbon 

i 

! 

| A*h 

1 

! Volatile 
! Matter 
(dry, 

; ash-free) 

i 

| 

! Carbon 

! j 

H ^°’ Nitron 

Oxygen 

4. 

Errors 

_ 

i 5*9 

34*9 

57*3 j 

1*9 | 

37'9 

1 83*5 

| 5*4 ! 

2*2 ! 

8*9 

300 

1*0 

! 34*° 

<»2*5 

I 0 

35*3 

! 87*8 

! 5*1 ; 

I 9 

10*2 

400 

1*3 

21*0 

74*5 1 

2*3 

22*7 

| 84*8 

4 ’ 5 i 

2*3 ; 

8*4 

500 

; 2*4 

ii*3 

,s 3*3 

3*o 

I 1*9 

! 88*q 

3*i j 

2*2 i 

5*8 

605 

j 3'3 

— 


2*2 

— 

907 

2*2 j 

1 


710 

l 5-0 

4-2 

87*0 

2*0 

4° J 

93*0 

i*5 ; 

2*0 | 

2*9 

7(10 

6*1 

2*8 

88*0 | 

2*5 

3*i 

94*7 

i*2 i 

2*0 ! 

2*1 

800 

0*2 

— 


3*o 

, 

95*5 

o*8 j 

— 

— 

855 i 

0*o 

-- 

* - ! 

2*9 1 

| 

9<>*5 

1 °*8 j 

— i 

— 

9°5 | 

| 2*8 

— 


2*9 

— 

99*8 

o*0 i 

1*1 j 

i*5 

95° i 

22 

1 

, 

3*4 | 


9O7 

! o*7 | 

j 

-- 

1.000 

i*3 

0*9 , 

! 

94*4 

■ 3,4 | 

o*9 

9 () *7 

9*4 i 

1*5 ; 

o*4 


TABLE IV. -Analysis of C arbonized Coai. k 


Carboniza¬ 
tion Temp., 

0 C 

j Proximate Analysis 

Ultimate Analysis (Pan’s basis) 

Moisture 

I Volatile 
less 

1 Moisture 

! 

1 Fixed 

1 Carbon 

1 

1 

| Ash 

t 

1 

Volatile 

Matter 

(dry, 

ash-free) 

j 

Carbon 

1 

Hydro- j 
gen 

j 

Nitrogen 

■ 

1 

Oxvgen 

1 + 
Errors 

_ 

10*5 

33-8 

547 

1 

I 0 

! 

38-2 

82-4 

5*1 

1*9 

10*6 

3 °o 

2*0 

33*5 

93*4 

1*1 

34*9 

82*2 

5*1 

2*0 

10*7 

400 

2*2 

24*9 

72*0 

0*9 

20*0 

83*2 

4*5 

2*2 

10*1 

495 

1*9 j 

13’7 

83*0 

1*4 

I 4 *2 

88*4 

3*3 

2*3 

0*0 

550 

3*6 

8*9 

860 

1*5 

9*4 

90*7 

2*9 

2*4 

4*0 

620 

2*6 

7*2 

88-3 

1*9 

7*5 

92*1 

2*5 

2*3 

3*1 

680 

— 

• — 

— 

1*9 

— 

921 

2*2 



720 

5*4 

5*6 

87-3 

1*7 

6*o 

95*3 

i*6 

2*0 

II 

820 

9*2 

4 ‘i 

88-o 

i *7 

4*5 

97*1 

0*7 

1*5 

0*7 

915 

67 

2*1 

89*0 

2*2 

2*3 

97*5 

°*4 

i*8 

9*3 
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Measurement of Density. —The apparatus and methods used for the 
measurements of densities in helium and in liquids have been described in a 
preceding paper. 7 

Density “Drift M .—The “ density drift," or increase of apparent density 
with time, was investigated by making measurements 2 hr. and 24 hr. after 
immersing the solid in the liquid. In helium, measurements were normally 
continued until no further drift occurred in 24 hr. ; in a few cases the density 
drift in helium continued for many days and was not followed to completion. 

Correction for Mineral Matter. —The density values recorded have in 
all cases been corrected for the mineral content of the samples by use of the 
correction formula of Wandless and Macrae. 8 Although the mineral content 
of carbonized coals is somewhat greater than that of raw coals, the uncertainty 
in the density correction is less since the composition of the mineral matter 
differs less from that of the ash whose density was determined. The correction 
did not exxeed 3 % for any of the carbonized coals used. 


Results 

Apparent Densities of Coals Carbonized at Temperatures up to 
1650° C.—Measurements of the densities of coals c, F, h and K carbonized at 
temperatures from 300-1650° C were made with helium, methanol, water and 
w-hexane. With coal h, carbon disulphide was also used and with coal K, 



X Helium. O Methanol. □ Water. £ w-Hexane. 

benzene. In Fig. 1 to 4, densities are plotted against carbonization temper¬ 
ature for temperatures up to 1020° C. The full-line curves in the Figures 
represent density values after 24 hr. immersion in the liquids and the final values 
obtained with helium, and the broken line curves represent apparent densities 

7 Franklin, Trans Faraday Soc., 1949, 45, 274. 

8 Wandless and Macrae, Fuel, 1934, *3» 4* 
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after 2-hr. immersion in liquids and the first recorded values in helium. The 
height of the shaded areas is a measure of the density drifts. (The initial values 
recorded here and elsewhere for samples which show a large drift in helium 
refer to measurements made as quickly as possible after admitting the gas to the 
sample ; they have only qualitative significance.*) 



Fig 4 —Coal k 

X Helium. O Methanol. □ Water A w-Hexane. A Benzene. 

Temperatures helow 500° C.—Below 500° C the variation of apparent 
density with carbonization temperature is different for each of the four coals 
investigated. For the anthracite c there is no appreciable change. The ap¬ 
parent densities of coal F in water, of coal H in water, n-hexane and helium, 
and of coal k in water and in n-hexane are slightly decreased by heating to 300° C, 
and apparent densities in methanol in all cases increase continuously with in¬ 
creasing carbonization temperature. 

Temperature Range 500° C to 6oo° C.—Between 500° C and 6oo° C an 
increase in the apparent densities of the anthracite c sets in and the densities 
of the other coals all increase. 

Temperature Range 6oo° C to 1020° C. 

(1) Coals c, h and k. —Fig. 1 to 4 show clearly that large and significant 
structural changes occur in all four coals between 6oo°C and iooo°C. The re¬ 
sults for coals c, h and k may be summarized as follows. 

n-Hexane gives a low density value which increases continuously with in¬ 
creasing carbonization temperature and shows no appreciable drift. The results 
obtained with benzene for coal K are similar. Helium gives a density which is 
from 7 % to 23 % in excess of the n-hexane value and which increases more 
rapidly with increasing carbonization temperature. When the temperature 
of treatment rises above about 900 0 C the density in helium begins to show some 
. drift, and at iooo° C the drift is large and the initial density is only slightly in 
excess of the density in n-hexane. 

* In all cases sufficient time elapsed to ensure that thermal equilibrium 
between the sample and the thermostat was established before the helium 
was admitted. 




ROSALIND E. FRANKLIN 


675 

The density in methanol exceeds that in helium for all carbonization tem¬ 
peratures up to 700° C. Between 6oo° C and 750° C a density drift in methanol 
begins to appear and increases with increasing carbonization temperature. 
At about 8oo° C the density in methanol (measured after 24-hr. immersion) 
passes through a maximum, and between 8oo° and 900° C it decreases sharply to 
a value approximately equal to the n-hexane value. At i,ooo° C the densities 
in methanol and in n-hexane are equal and show no drift. 

The variation of the apparent density in water is similar to that observed 
with methanol, except that the corresponding changes occur about ioo° C 
higher. Up to 8oo° C the density in water shows no drift and is only slightly 
less than that in helium. Between 8oo° and 900° C a density drift develops, 
and the density after 24-hr. immersion is at a maximum at about 900° C. After 
carbonization at i,ooo° C the densities of the coals c and K in water are equal 
to the low, n-hexane values and show no drift, while with coal H the density 
is only slightly higher than the n-hexane value and the drift is small. 

Carbon disulphide gives apparent densities for the carbonized coal h which 
are identical with the methanol values for carbonization temperatures up to 
600 u C. Between 6oo° and 900° C the apparent densities in carbon disulphide 
are rather higher than in methanol, although a density drift is observed in 
approximately the same temperature range for the two liquids. After carbon¬ 
ization at i,ooo° C the apparent density in carbon disulphide is equal to the 
low, n-hexane value and shows no drift. 

(ii) Coal f. —The density changes which occur in the coal F in the temper¬ 
ature range 600-1 ,ooo° C are fundamentally similar to those described above 
for coals c, H, and k, but differ significantly in two respects. 

Firstly, the density of this coal in n-hexane increases more rapidly with 
carbonization temperature, and the difference between the densities in helium 
and n-hexane for any one carbonization temperature is less ; in methanol and 
water the maxima which appear in the curves for the other three coals are 
flattened into strong inflexions. Secondly, all the changes occur about ioo° C 
lower for the coal f than for the coals c, h and k. The drift in density in methanol 
sets in below 6oo° C and at 8oo° C the density in methanol has fallen to the 
n-hexane value. At 900° C the density in water is equal to that in n-hexane. 
A density drift in helium begins below 8oo° C and at 1,000° C the density in 
helium too has fallen to the n-hexane level and shows no drift. 

The results described above show clearly that after heating to 6oo° there is, 
in all four coals, a large pore volume which is accessible to helium but inaccessible 



Fig. 5.—Coal f. 

X Helium A n-Hexane 


to n-hexane. As the carbonization temperature is increased above 6oo° this 
pore volume is increased ; at the same time, however, it becomes less accessible 
to fluids. Methanol, carbon disulphide and water are successively excluded, 
and, after carbonization at i,ooo°, helium too is excluded from the pores of 
coal f and penetrates only slowly in the other coals. 
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The low values obtained with n-hexane for the coals carbonized above 6oo° 
are sharply defined and the apparent density in this liquid appears to represent 
a real characteristic of the solid material. There is no appreciable drift, and 
when apparent densities in water, methanol and carbon disulphide fall to the 
n-hexane level, these too show no drift. On the other hand, apparent densities 
intermediate between the n-hexane and helium values are associated with large 
drifts, showing that penetration of the pores by the liquids is slow and incomplete. 

Range i,ooo° C to 1,650° C.—The general pattern of the results outlined 
above is further clarified by measurements made on samples carbonized at 
temperatures above i,ooo° C. Results for coals f and h are shown in Fig. 5 
and 6. For each of the three coals c, F and h carbonized at i,ooo°, the densities 



Fig 6 . —Coal h. 

X Helium. A n-Hexane. 

given by methanol, water and n-hexane are equal and show no drift, and this 
is true also of higher carbonization temperatures. For the coal F, the density 
in helium, too, continues equal to the value obtained with the liquids. With 
increasing carbonization temperature from i,ooo° C to 1,650° C the apparent 
density of the carbonized coal f in helium and in liquids increases from 1*87 
g./c.m. 3 to 2-04 g./cm. 3 . 

The density of the carbonized coal h, measured in methanol, water or n- 
hexane, increases only slowly above i,ooo°, reaching 1-75 g./cm. 3 at 1,600° C. 
The density in helium at first increases, and then decreases to the low value 
given by the liquids.* The highest densities in helium are associated with large 
and prolonged drifts. The maximum value recorded was 2*03 g./cm. 3 for a 
carbonization temperature of 1,100-1,130° but since the drift was not followed 
to completion, this figure is lower than the true density of the sample ; a higher 
value was obtained when the sample was more finely ground (see below). 

The Influence of Particle Size on Apparent Density. —All the results 
described above were obtained with samples ground to pass a 72 13.S. sieve. 
Measurements were also made on samples of coal h carbonized at temperatures 
above 6oo° C and ground to pass a 240 B.S. sieve. The results are shown in 
Table V. The density in methanol of the sample carbonized at 805° C and the 
densities in helium of those carbonized at i,ioo° and 1,250° C were considerably 

* The density in helium of the anthracite c carbonized at 1,450° C shows no 
drift and is equal to the n-hexane value (obtained by interpolation) for coal H 
carbonized at the same temperature. Since the apparent densities of the 
anthracite c and of the coal h carbonized between 700° and i,ooo° C and measured 
in helium, water and n-hexane are almost identical (see Fig. 1 and 3), it is prob¬ 
able that the density of coal h in helium after carbonization at 1,450° C would 
be equal to the low n-hexane value and would have no drift. This result was 
taken into account in drawing the broken part of the helium curve in Fig. 6. 





ROSALIND E. FRANKLIN 677 

increased by reducing the particle size. On the other hand, the results obtained 
with n-hexane for samples carbonized above 8oo° C and with helium for those 
prepared below i,ooo° C were not altered. Thus, where no density drift was 
observed the density was not increased by grinding to the lower size limit. 
The density drift in helium of the sample carbonized at i,ooo° C was completed 
in considerably less than 24 hr., and in this case, too, the density measured after 
24 hr. was independent of the particle size. For samples which showed large 
and prolonged density drifts, the apparent density after a given time was highly 
dependent on the particle size of the material. 


TABLE V.— Influence of Particle Size on Apparent Density of 
Carbonized Coal h 




Helium 

Methanol 

»-Hexane 

Carbonization 
Temp., ° C 

Size 

Density 

after 

24 hr., 
H-l cm* 

Final 

Density, 

g./cin.* 

Drift, 

% 

Density 1 
after 

24 hr., 
g. / cm. 3 

Drift, 

% 

(2 hr. 
to 24 
hr.) 

Drift, 

% 

(2 hr. 
to 72 
hr.) 

Density 

after 

24 hr., 
g./ cm.* 

Drift, 

0/ 

/o 

(2 hr. 
to 24 
hr.) 

Ooo 

72 B.S. 

1 ’54 2 ! 

1 * 54*2 

0*0 

I* boo 

0*2 

- _ 

i’ 3(>4 

0*3 


240 B.S. 

1*543 

i *543 

0*0 

— 

— 

— 

i’ 3«4 

o*6 

S05 

72 B.S. 

J *848 

1 *84.8 

0*0 

1-761 

7.9 

10*4 

1 *558 

0*0 


240 B.S. 

i*8oi 

J-tSOl 

0*0 

i*8iO ; 

7*4 

9*0 

1*558 

0*1 

1,000 

72 B.S. 

2*001 

2*001 

io*7 I 

i * ( >55 

0*0 

— 

i *<>03 

0*0 


240 B.S. 

2* 005 

2*005 

7*0 


— 

— 

1*005 

0*0 

1,100-1,130 

1 72 B.S. 

1 *<>82 

2*029 

LV 4 

— 

— 

— ! 

— 

— 


240 B.S. 

2 •«.) 2 <S 

2*087 

15-8 

— 

— 

_ ! 

— 

— 

1,24.5-1,250 

72 B.S. 

1 ***75 

! — 

S*o 

1 * 7*23 

0*0 


1 * 7-24 

0*0 





(to 24 hr.) 



| 




240 B S. 

I * 97 ( ) j 

2*050 

1 1*9 


! - 

““ ! 

1 



Tlie maximum density value recorded was? 2*09 g./cm. 3 for coal h carbonized 
at i,joo° C. The true density of the material exceeds this value, since a slight 
drift was still observable after 9 days. 

Influence of Molecular Size. —The order in which «-hexane, methanol, 
water and helium are excluded from the pores as the carbonization temperature 
is raised is the same for each of the four widely different coals c, F, H and K. 
It is, in fact, the order of decreasing molecular size. Further measurements 
were made on the carbonized coal H with acetone, ether, chloroform and carbon 
tetrachloride ; these, together with the results obtained with carbon disulphide 
for co.il h and with benzene for coal k confirm that molecular size is the principal 
factor determining the power of organic liquids to penetrate into the pores of 
carbonized coals. The results obtained with 8 liquids and with helium for coal 
H carbonized at temperatures between 700° and i,ooo° C are given in Table VI, 
together with the molecular volumes of the liquids at 25° C. The 4 liquids 
which have the largest molecular volumes give apparent densities approximately 
equal to the low, >1-hexane values. No apparent densities appreciably lower 
than the w-hexane values have been observed. 

Adsorption of Gases on Carbonized Coal. —The density of fine-structured 
carbonaceous solids cannot be measured in gases other than helium since all 
other gases are to some extent adsorbed at room temperature. However, since 
physical adsorption is a very rapid process, measurements of the apparent rate 
of adsorption may serve to study qualitatively the rate of penetration of gases 
into the fine pores in carbonized coals. With this object, the room-temperature 
adsorption of hydrogen, methane and oxygen on coal h carbonized at 6oo°, 
8oo° and i,ooo° C was briefly investigated. The apparatus and method were 
the same as those used for the measurements of densities with helium. The 
true volume of the sample was first determined with helium, which was then 
pumped off, and the measurements repeated with one of the other gases. The 
difference between the apparent volumes of the sample in this gas and in helium 
gave the volume of the gas adsorbed. 

24 * 
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TABLE VI 









Molecular 
Volume t 

Material^^- 

Temp. 

700° C 

75 o° C 

8oo° C 

950° C 

1,005° c 

of Liquid, 
at 25° C, 








cm. 1 

Helium . 

Density, g./cm. 3 

1-64* 

1*831 

i*86i 

1-96* 

1-998 

_ 


Drift, % 

— 

0*0 

0*0 

— 

io-6 


Water . 

Density after 24 
hr., g./cm. 3 
Drift, % (2 hr. 

1*62* 

i' 75 * 

1-808 

1*710 

1*695 

18 

| 


to 24 hr.) 

— 

— 

0*1 

2*8 

o *9 


Methanol 

Density after 24 
hr., g./cm. 3 
Drift, % (2 hr. 

170* 

i*8o* 

1 

1 

i *759 

1-64*1 

1*000 

41 


to 24 hr.) 

— 

| — 

7*9 

— 

0*2 


Carbon di- 

Density after 24 


i 




sulphide 

hr., g./cm. 3 
Drift, % (2 hr. 

1757 

! 1-828 

1-855 

1-663 

j *650 

61 


to 24 hr.) 

07 

4‘3 

4*2 

1*4 

0*0 


Acetone 

Density after 24 







hr., g./cm. 3 
Drift, % (2 hr. 

— 

i*8io 

— 

1-629 

_ 

74 


to 24 hr.) 

— 

1*0 

— 

o-i 



Chloroform 

Density aftt r 24 
hr., g./cm. 3 
Drift, % (2 hr. 

1 *480 

, 

1 ’ 55 2 


1-659 

81 


to 24 hr.) 

0*0 

i — 

o-o 

i — 

o-o 


Carbon tetra¬ 

Density after 24 


! 

1 




chloride 

hr. g./cm. 3 
Drift, % (2 hr. 

■— 

; -—• 

1*560 

1 

I -(>< *0 

99 


to 24 hr.) 

— 

-- 

0*0 


o-o 


Ether 

Density after 24 
hr., g./cm. 3 
Drift, % (2 hr. 

— 

J -533 

— 

— 

— 

105 


to 24 hr.) 

■— 

o -3 

— 

— 

— 1 


w-Hexane 

Density after 24 
hr., g./cm. 3 
Drift, % (2 hr. 

1-47* 

J * 53 * 

1-550 

1- 65* 

1*003 1 

128 


to 24 hr.) 


~ 

0-2 

i 

■' 

o-o j 



* Obtained by interpolation. 

Hydrogen : The quantities of hydrogen adsorbed on the three samples 
arc shown graphically in Fig. 7. The heat of adsorption, calculated from 
measurements made at 15 0 and 25 0 C, was about 1,800 cal./g.-mol. Since the 
isotherms shown in Fig. 7 are approximately linear, and the heat of adsorption 
is the same for each sample, the slopes of the isotherms give a relative measure 
of the specific surfaces. Between 6oo° and 8oo° C the specific surface increases 
by about 40 %. 

Adsorption equilibrium was established immediately (i.e. in less than £ min. 
the time required for making the first measurement) on the samples carbon¬ 
ized at 6oo° and 8oo° C. On the i,ooo° C sample, a rapid initial adsorption was 
followed by a large adsorption drift, and equilibrium was established within 
24 hr. Between 8oo° and i,ooo° there is a small decrease in specific surface, 
and the good agreement between the results obtained with the 72 mesh and 
the 240 mesh sample suggests that this decrease is real. 

Methane : The results obtained with methane are given in Table VII. 
The heat of adsorption on the sample carbonized at 6io°, calculated from 
measurements made between 12 0 and 30°, was 5,800 cal./g.-mol. 

Much larger quantities of methane were adsorbed than of hydrogen, but 
the process was considerably slower. With the sample carbonized at 6io° C 
there w*as a large initial adsorption, 81 % of the total occurring in the first 
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2 min. ; equilibrium was established within 5 hr. On the 8io° C sample less 
than 1 % of the total adsorption occurred in the first 2 min., and 5 days were 



required for tin* establishment of equilibrium. Adsorption on the i/>io L C 
sample was very slow ; a measurement made immediately after admitting the 
gas gave an apparent density little different from that in n- hexane. 


TABLE VII.— Adsorption of Methane on Carbonized Coal h 


Carbonization j 
Temperature, 

0 1: 

Equilibrium 

Pressure, 

cm. 

Volume Adsorbed 
cm.*/g. at n.t.p. 

610 

I * T S 

°\5 

0*86 

2 ’33 

810 

2*76 

0*30 


Oxygen : Oxygen was adsorbed in larger quantity than methane, and 
the adsorption proceeded, on the whole, more rapidly. For example, on the 
sample carbonized at 8io° C, 55 % of the gas admitted was adsorbed in the 
first 2 min., as compared with 1 % for a similar quantity of methane. The 
rapid adsorption was, however, always followed by a long slow drift which is 
probably due, at least in part, to slow chemical adsorption. On the sample 
carbonized at 1,0io° C the initial measurement with oxygen gave, as with 
methane, an apparent density approximately equal to the n-hexane value. 

The above results show that the accessibility of the pores of the carbonized 
coal h to each of the four gases (helium, hydrogen, methane and oxygen) de¬ 
creases with increasing carbonization temperature, and, as was found with 
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liquids, the larger the molecule of the gas, the lower the carbonization temper¬ 
ature for which it is first excluded from the pores. The results are summarized 
in Table VIII. 

TABLE VIII 


Gas 

Molecular 


Coal h Carbonized at 


Diam. 

6oo° C 

8oo° C 

1,000 0 c 

Helium . 

I ‘9 

No drift, pene¬ 
tration complete 

No drift, pene¬ 
tration complete 

Large drift, pene¬ 
tration complete 
within 24 hr. 

Hydrogen 

2 ‘4 

No drift, pene¬ 
tration complete 
and adsorption 
rapid 

No drift, pene¬ 
tration complete 
and adsorption 
rapid 

Large drift, pene¬ 
tration and ad¬ 
sorption com¬ 
plete within 

24 hr. 

Oxygen . 

3 *o 

Large rapid ad¬ 
sorption followed 
by long slow 
drift. 82 % 
of total ad¬ 
sorption oc¬ 
curred in first 

2 min. 

As for 6oo° C 
but rather 
slower. 55 % 
of total ad¬ 
sorption oc¬ 
curred in first 

2 min. 

Penetration and 
adsorption very 
slow 

Methane 

4 *° 

Adsorption equi¬ 
librium estab¬ 
lished in 5 hr. 

81 % of total 
adsorption oc¬ 
curred in first 

2 min. 

Adsorption equi¬ 
librium practic- 
all\ established 
in 5 days. 

1 % of total 
adsorption oc¬ 
curred in first 

2 min. 

Penetration and 
adsorption very 
slow 


It may be noted that the ease with which different fluids penetrate into the 
pores of carbonized coal increases wdth decreasing molecular size for both 
liquids and gases taken in a single series. Although strictly comparable values 
of the molecular diameters of all the fluids are not available, the general relation¬ 
ship is clear, and provides striking confirmation that the penetrating power 
does in fact depend primarily on molecular diameter and not on any other 
propertv of the liquids. 

Specific Surface. —The specific surface of carbonized coals and its vari¬ 
ation with the temperature of carbonization has been studied for a wide range 
of coals by Cannon, Griffith and Hirst, 2 who measured the heat of wetting of 
the materials in methanol. Further measurements on the carbonized coals 
c, f, h and k have been made by Griffith, and the results are shown in Fig. 8. 
The curves conform to the types previously described by Cannon, Griffith and 
Hirst, who have discussed their interpretation. In all cases the heat of wetting 
decreases with increasing carbonization temperature above 550-650° C. Maggs 3 
has shown that this does not necessarily indicate a decrease in the true specific 
surface, since the accessibility of the pores also decreases—a result which is amply 
confirmed by the present work. Adsorption of hydrogen has shown that the 
increase in specific surface which occurs between 450° and 6oo° C and which is 
detected by methanol continues, also, at higher temperatures. The heat of 
wetting in methanol of coal h carbonized at 6oo° C is 12 cal./g. ; on increasing 
the carbonization temperature to 8oo° C the heat of wetting is reduced to 2 cal./g. 
but adsorption of hydrogen is increased by about 40 %. 

Cannon, Griffith and Hirst* have emphasized that the internal surface of 
coals is never entirely lost during carbonization and that coals which have 
large inner surfaces yield, in general, carbonized products with large inner sur¬ 
faces. The present work provides further evidence that the fine-pore structure 
of a carbonized coal is directly related to that of the raw coal. Of the four 
coals investigated, coal k has the greatest porosity 7 and yields the most highly 
porous carbonized products. The raw coal F has a lower porosity and smaller 
specific surface than the coals c, h and k, and also a more highly constricted 



ROSALIND E. FRANKLIN 681 

pore system ; 7 after carbonization, the fine-structure porosity, surface area 
and accessibility of the pores are all less than for the other coals carbonized 
at the same temperature. 



Fine-Structure Porosity of Goals Carbonized above 600° C. —It 

appears from the results described above that the low apparent density ob¬ 
tained for carbonized coals with w-hexane or with other liquids of large mole¬ 
cular size is substantially independent of the experimental conditions, and is 
a well-defined and significant property of the solids. There is considerable 
evidence that it is approximately equal to the lump density of the individual 
particles. Not only is it constant for a wide range of liquids, but it was also 
unchanged when samples of coal h pre-heated to 6oo° and 8oo° were exposed 
to dry air at room temperature for i hr. after evacuation and before admitting 
the liquid. The presence of air would obviously impede the diffusion of a liquid 
into fine pores, and the same treatment did, in fact, reduce considerably the 
apparent density of the same samples in methanol. Moreover, Maggs has 
measured the adsorption of w-hexane on coal K carbonized at 6oo°. The amount 
adsorbed at saturation pressure at 25 0 C corresponds approximately to that 
required to form a monolayer on the external surface of the powder. 

Helium may be considered to measure the true density of carbonized coals 
when the carbonization temperature is not so high that the gas is excluded from 
the whole or a part of the pore space. This condition is fulfilled for coals c, 
H and k carbonized at temperatures up to qoo° C and for coal f at temperatures 
up to 700° C. It follows that the fine-structure porosity of these materials is 
given by 

P — (r/ ne — dk ex ) /dftQ, 

where d n e and </ hex are the densities in helium and w-hexane respectively. 

In Fig. q, P is plotted against carbonization temperature. It is seen that 
throughout the range of carbonization temperature for which the true density 
is measurable (by helium) the finc-structurc porosity increases with increasing 
temperature for all four coals. 

Thus, the fine-structure porosity increases while the accessibility of the 
pores decreases. This leads to the conclusion that the accessibility of the pores 
is governed by the size and frequency of fine constrictions or " bottle-necks " 
in the pore system, and not by the mean diameter of pores which are uniform 
along their length. The alternative assumption of uniform pores would require 
that, with increasing temperature, the diameter of the pores steadily decreased 
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while their number increased rapidly, new pores formed at any one temperature 
being narrower than those formed at a lower temperature. In such a system, 
the increase in porosity would be accompanied by a still larger increase in specific 
surface. It has been shown, however, that between 8oo° and i,ooo° C the specific 
surface decreases w r hile the porosity increases. 

The structural changes which accompany increasing carbonization temper¬ 
ature between 600 ° and j,ooo° are associated with the loss of volatile decom¬ 
position products from a rigid solid. The existence of the decomposition products 
(mainly CO, CH 4 and TI a ) implies that there is a re-arrangement of surface atoms 
or small groups of atoms within the solid. This may be sufficient to account 

for the creation of a more highly 
constricted pore system resulting 
from increased intermicellar con¬ 
tacts. A similar effect may per¬ 
haps account for the slight de¬ 
crease in surface area between 
8oo° and i,ooo° by elimination of 
surface roughness. The increase 
in fine-structure porosity, on the 
other hand, shows that the rigid¬ 
ity of the structure is too great 
(or the carbonization temperature 
too low) to permit such large- 
scale re-arrangement as would be 
necessary to compensate for the 
loss of volatile matter and the 
increase in true density. 

Molecular Sieve Properties 
of Carbonized Coals. —The 
volume of fine pores in coals 
carbonized at i,ooo° C or at 
higher temperatures may amount 
to more than 20 % of the volume 
of the solid. For carbonization 
temperatures between 6oo° and 
1 ,ooo° C the solids behave as 
molecular sieves ; in any given 
sample all molecules larger than 
a certain size are completely 
excluded from the pores. Car¬ 
bonized coals may be compared 
in this respect with the zeolites 
studied by Barrer, 9 although their 
adsorption capacity is much less. 
The sieve “ mesh " depends both 
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on the starting material and on the temperature of carbonization, and in the 
materials studied here it is never large enough to permit appreciable penetration 
of liquids with molecules as large as those of w-hexane and benzene. 

The molecular sieve properties of carbonized coals must obviously be of 
considerable importance in determining the chemical behaviour of the materials, 
and probably also in determining the course of the later stages of the carboniz¬ 
ation process. The principal volatile products of carbonization above 6oo° C 
are methane, hydrogen and carbon monoxide, and, above 700° C, hydrogen and 
methane, the proportion of hydrogen increasing with increasing temperature. 
It has been shown that methane penetrates the pore structure only slowly after 
carbonization at 6oo° C and still more slowly after carbonization at higher 
temperatures, whereas hydrogen penetrates freely after carbonization at 600° 
and 8oo° C. The very different rates of diffusion of the gaseous products may 
well have an important influence on the final composition of the gas evolved. 

This work was carried out at the British Coal Utilization Research 
Association, and the author is grateful to Dr. D. H. Bangham for his 
interest and advice. 

Laboratoire Central des Services Chimiques de VEtat, 

12 quai Henri IV, 

Paris , IV, 

France. 

9 Barrer, Diffusion in and through Solids (C.U.P., 1941). 




THE BREAKDOWN AND REPAIR OF OXIDE FILMS 
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The mechanism of breakdown and repair of oxide films on metals is examined 
with special reference to the influence of the film-rupturing anions chloride and 
perchlorate, and the film-repairing anions carbonate, nitrite, and chromate, 
on the behaviour of iron. It is shown that film breakdown is often preceded 
by partial repair, and that it is caused by the action of the cell 

0 2 on oxide-film surface ] Electrolyte | Metal at base of film pores 

producing precipitated hydroxide or oxide, but lowering the pH within the 
pore, so that partial repair caused by the precipitate occurs, followed by under¬ 
mining and breakdown when the pore acidity has become sufficient to allow 
the corroding metal at the pore base to appear as a soluble product. Complete 
film repair occurs when precipitating anions such as Oil", COj“, NOjj* or 
Cr07 ~ are in sufficient supply within the pore and/or are replenished sufficiently 
well by transport from outside to produce complete pore plugging before the 
pore acidity becomes high enough to give breakdown. 

It is suggested the “ corrosive " anions are better characterized by their 
11 film-rupturing " power, i.e. their ability to produce pore acidity, than by their 
" film-penetrating " power. Reasons are given for the belief that pores in 
oxide films that are potential points of incipient corrosion are easily and rapidly 
penetrated by all common anions. Ci~ and CIO7 are shown to have equal 
film-rupturing power in dilute solutions. 

The nature and production of pores is discussed, and an analogy between 
the electrolytic properties of oxide-films and paint films is pointed out. 


The resistance of metals to corrosive environments largely depends 
upon the protection afforded by superficial oxide films ; the degree of 
protection is very variable for different metals and environments, a 
matter of obvious practical importance. Further, considerable theoretical 
interest attaches to the thermodynamics, kinetics and geometry of the 
reactions involved, and to the mechanism by which the films break 
down, remain stable, or build up, when metals bearing them are exposed 
to electrolytes. The detailed mechanism of film breakdown and repair 
is still not entirely clear, and the present investigation is an attempt to 
elucidate certain aspects of the matter that have not so far been fully 
explored. 

Previous Work.—Of the factors leading to film breakdown or repair, 
the direct solubility or otherwise of the film substance in the corrosive 
environment is the most obvious and best understood. A film that is 
not directly soluble may, however, break down owing to the presence of 
places of weakness, such as cracks or pores extending through the film ; 
if the corrosive material to which the metal is exposed can penetrate 
such pores and attack the metal at their base, the film may become under¬ 
mined and flake off. In electrolytic environments, the nature of the 
anion is of crucial importance. If the anion forms easily soluble salts 
with the metal concerned, attack is likely, because the cell 

O a on oxide-film | Electrolyte | Metal at base of film pore 
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comes into action, with cathodic reduction of O t to OH~ on the film sur¬ 
face, anodic formation of the soluble metal salt within the pore, and 
subsequent undermining of the film by dissolution of metal. But if the 
anion forms sparingly soluble salts, no corrosion occurs, owing to the 
formation of the sparingly soluble anodic product within the pores of the 
film, which are thereby healed. This well-established rule, though of 
general applicability, is not entirely true in the simplest form just stated, 
and requires certain modifications. For instance, the influence of the 
pH of the electrolyte on the solubility of the product must be taken into 
account; it may be noted that it is the pH within the pore that is important, 
and that this is likely to become much lower than that of the bulk electro¬ 
lyte, as explained below. Furthermore, application of the simple rule 
is not possible in cases of mixed electrolytes containing several anions, 
some forming easily soluble, others sparingly soluble, salts with the metal. 
Even a simple salt solution such as aqueous sodium chloride always con¬ 
tains hydroxyl ion, and this even when present in very small concentra¬ 
tion at quite low pH values may precipitate metal hydroxides. 1 

Alkali-metal salts having anions that commonly form easily soluble 
salts with the heavy metals usually produce film breakdown and sub¬ 
sequent corrosion, but these salts show differences among themselves. 
Friend and Marshall 2 investigated the behaviour of iron in solutions of 
the “ corrosive ” sodium salts of CP, I", Br~, NOL SO4 “, F”, and 
CH3CO . O , together with either sodium carbonate or borax as- in 
hibitor. They found that the concentration of sodium carbonate re¬ 
quired just to give inhibition of 0-05 or o*oi N solutions of the " cor¬ 
rosive ” salt diminished with the sequence of anions just listed ; with 
borax as inhibitor, the sequence was CP, Br“, SO7”# I~, NO7, F“, 
CH a CO. CP. They pointed out that this sequence is approximately 
the same as the descending order of the strengths of the corresponding 
acids. Britton and Evans 3 measured the increase of current produced 
at aluminium and lead anodes in an “ inhibiting " potassium chromate 
solution by the addition of standard amounts of “ corrosive ” salts, 
and thus estimated the '* film-penetrating power ’* of the various anions 
to run in the descending order CP, Br“, P, F“, SO^P NO7 HPO7 ~ 
for aluminium, and NO7 Cl“, Br“, I~, HP0 4 , S07“ for lead. (The 
very low “ penetrating power " of SO7 - at a lead anode was explained 
by reference to the sparing solubility of lead sulphate, which makes 
S07“ actually “ protective ” towards lead.) 

Brennert 4 found that the single electrode potential of tin corroding 
in salt solutions at first becomes more noble, and then falls, w r ith onset 
of “ black-spot ” corrosion after the potential begins to fall. In a more 
detailed study, 5 * I showed that this rise and fall—indicative of film repair 
followed by film breakdown—may be explained as follows. As soon as 
the metal is exposed to the electrolyte of approximately pH 7, the cell 

O a on oxide-film surface | Electrolyte | Sn at base of film pores 

comes into action, producing OH~ on the film surface and aquo-stannous 
and aquo-stannic ions within the pores. Owing to the exceptionally 
small solubility products of stannous and stannic hydroxides (or hydrous 
oxides), 7 the anolyte within the pores is at once supersaturated with 
respect to either or both of them at pH 7, so that precipitates tend to 

1 Britton, Hydrogen Ions , Vol. II (Chapman & Hall, 3rd ed., 1942), p.35 et 
seq., esp. p. 79 ; Ann, Reports , 1943, 40, 43. 

2 Fncnd and Marshall, J. them. Soc., 1914, 105, 2776. 

8 Britton and Evans, ibid., 1930, 1773. 

4 Brennert, Tech. Pub. Int. Tin. Res. Council, Series B, No. 2, 1935. 

6 Hoar, Trans, Faraday Soc., 1937, 33» IX 5 2 - 

•Bannister and Evans, J. Chem. Soc., 1930, 1361. 

7 Latimer, The Oxidation States of the Elements and their Potentials in Aqueous 
Solution (Prentice-Hall, 1937). 
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form * within the pores ; this film repair explains the initial rise of the 
potential. The removal of OH~ from the anolyte f due to the formation 
of the hydroxide precipitate leads to a fall in pH, so that a moment is 
reached when the dissolving metal is no longer precipitated sufficiently 
to repair the pores further ; on the contrary, metal dissolution to mainly 
soluble products undermines the film around the pores, film breakdown 
with fall of potential sets in, and corrosion considerably increases to form 
visible “black spots This theory for tin is in harmony with the follow¬ 
ing additional experimental evidence. 6 

(i) The anions Cl", Br\ NO" S 07 ", C 107 , and C 107 , all of which 
form “ soluble ” stannous salts provided that the pH is low enough, 
but giving precipitates of hydroxides and/or basic salts by hydrolysis 
above about pH 2, all behave in a qualitatively similar way in tin cor¬ 
rosion, producing the potential rise followed by the fall with onset of 
coriosion. 

(ii) Increase of Cl“ concentration in the electrolyte leads to a more 
rapid rise of potential and attainment of the breakdown state—because 
(a) the lowered electrolytic resistance allows a larger current in the film- 
metal cell, with more rapid production of anodic products, and (b) the 
relatively greater Cl - concentration in the electrolyte lessens the trans¬ 
port of cathodically produced Oil - into the pore, and of H + out of it, 
so diminishing a factor favourable to repair. 

The anions just listed as “ corrosive " to tin all form strong acids. 
Clearly the anion of a weak acid, apart from other considerations, will 
not be favourable to film-breakdown because the now buffered anolyte 
will not attain the low pH necessary for the prevention of hydroxide 
precipitation. A probable reason for Friend and Marshall's * finding, 
that anions of the stronger acids are the better corrosion promoters for 
iron, thus becomes apparent. 

Present Work.—It is important to see how far the above theory 
can be extended to metals other than tin, and to inhibiting anions other 
than OH~. In the present work, the attack of iron in chloride solutions 
containing also either carbonate, nitrite or chromate has been studied, 
and has been compared with that found in perchlorate solutions con¬ 
taining the same inhibiting anions. Perchlorate was chosen for this 
comparison because it is similar to chloride in all germane respects except 
two : 

(i) The equivalent conductivities of sodium chloride and perchlorate 
in dilute solution are within 2 % of each other (o*oi M NaCl, ii8-6 
mhos/cm. ; o*oi M NaC 10 4 , 116-6, 25 0 C), 8 and thus the mobilities and 
diameters of the aquo-chloride and aquo-perchlorate ion are nearly 
identical (because of the much greater hydration of Cl~). However, in 
concentrated solution the conductivity of sodium perchlorate is ap¬ 
preciably less than that of sodium chloride (M NaCl, 74*19 ; M NaC 10 4 , 
65*0, 18° C), 8 and hence the mobility of CIO7 is here less than that of 
Cl~. This difference is important. 

(ii) Both ions form very soluble ferrous and ferric salts. 

(iii) Both ions are non-oxidizing to Fe and to Fe++ at ordinary 
dilutions and temperatures. 

(iv) Both ions form strong acids. 

(v) CP is far more deformable than CIO7, having a greater tendency 
to form covalent and adsorption complexes ; this is the other important 
difference. 

♦The formation of Sn(OH) g from (say) Sn . 4H t O ++ may perhaps best 
be visualized, not as the replacement of the four water molecules round the 
cation by two hydroxyl ions, but rather as a loss of two water molecules and two 
protons—i.e. two H 8 0 + ions—from the aquo-complex. 

t Or production of H, 0 *, see preceding footnote. 

• Int. Crit . Tables , Vol. V, pp. 233, 247. 
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Experimental 

The " iron ” used was a cold-rolled mild steel strip (C 0*26, Si 0-21, S 0*031, 
P 0-038, Mn 0-36 %) of good surface, specially rolled for research purposes by 
The United Steel Companies Ltd., and kindly supplied by Dr. U. R, Evans 
from his stock ; previous work 9 » 10 has shown that iron and mild steel behave 
very similarly in nearly neutral salt solutions. It was abraded with Hubert 
iF emery paper, degreased with carbon tetrachloride, and stored over anhydrous 
calcium chloride for 24 hr. before use. The solutions were made from distilled 
water (condensed on Pyrex) and a.r. materials, stock sodium perchlorate of 
pH 7-0 being prepared from the acid and sodium hydroxide. 

To economize material, the convenient “ drop ” technique was used. 
Solutions containing a wide range of concentrations of sodium chloride (or 

perchlorate) and each of the 
three inhibitors were prepared 
in small quantities from freshly 
made stock solutions. 3 drops, 
each ca. 0-5 cm. in diameter, 
of each solution were placed 
on the experimental steel sheet 
(some 20 x 10 cm.), which was 
covered with a glass trough 
water-sealed with wet cotton¬ 
wool to a glass plate to prevent 
evaporation. After 24 hr., the 
onset or otherwise of corrosion 
was observed ; reproducibility 
within the triplicate drops was 
remarkably good. 

Some potential measure¬ 
ments were made with a 
modified drop technique, illus¬ 
trated in Fig. 1. 12 small 

glass covers carrying corks and 
small tubes were set up on 
a prepared steel sheet, with 
chloridized silver wires dipping 
into each tube and attached 
through a twelve-way switch 
to a valve electrometer. Small 
amounts of various chloride- 
containing corrosive liquors 
w r ere then run down the tubes, 
the drops formed on the steel 
sheet remaining in electrolytic 
connexion with the silver-silver-chloride electrodes by capillarity. The circuit to 
the electrometer being completed by a lead from the steel specimen, the potentials 
of each of the twelve drops could be measured from within a minute of applica¬ 
tion of electrolyte. In special experiments using one drop at a time and with 
two observers, readings could be taken within 5 sec. of the exposure of metal 
to electrolyte ; it is hoped in future work to reduce this time to a small fraction 
of a second by the use of a recording oscillograph. 


I % 



Fig. 1.—Measurement of corrosion potential 
in a drop. 


Results 

{a) Occurrence of Corrosion* —The onset or absence of corrosion after 
24 hr. in the various chloride and perchlorate solutions is shown in Fig. 2 and 3 
respectively. Near the border-line between corrosion and immunity pitting 
occurred, especially in the more concentrated carbonate- and chromate-inhibited 
solutions. The general similarity of the diagrams is evident; there are also 
some significant differences. The salient features are : 

(i) The concentration of chloride or perchlorate necessary to give breakdown 
increases with inhibitor concentration ; this is a confirmation of much previous 
work. 

9 Evans and Hoar, Proc. Roy. Soc, A, 1932, 137, 343. 

10 Hoar and Evans, J. Iron Steel Inst., 1932, 126, 379. 
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(ii) At low chloride or perchlorate concentrations, the concentrations of 
chloride or perchlorate necessary to give breakdown in solutions containing 
a given amount of carbonate, nitrite or chromate are identical; at high con¬ 
centrations, less chloride than perchlorate is necessary for breakdown. 

(iii) Nitrite and chromate have approximately equal inhibiting power (at 
equal molarity), though nitrite is the better in concentrated solutions ; carbonate 
is less effective, some 30 times the molar concentration of nitrite being required 
to give inhibition at any chloride or perchlorate concentration. 



Fig. 2. —Incidence of corrosion in chloride solutions with inhibitors. 
O No attack. X Pitting. • General attack. 


(iv) The conditions leading to pitting attack are much wider in chromate- 
and carbonate-containing solutions than in nitrite. This result is as yet un¬ 
explained ; it should be mentioned that under other experimental conditions, 
quite a wide range of nitrite concentrations can give pitting. 



Fig. 3. —Incidence of corrosion in perchlorate solutions with inhibitors. 
O No attack. x Pitting. # General attack. 


(b) Potential-Time Curves. —Fig. 4 shows typical potential *-time curves 
obtained in nitrite-inhibited chloride solutions. They are similar to those 
previously found for tin in chloride and perchlorate solutions, except that tne 
time-scales are much shorter and the initial potential rise less. Potential¬ 
time curves have also been given by Lochte and Paul 11 for a dead-mild steel 

* Potentials are given as mV on the normal hydrogen scale, (" noble ” 
potentials positive). 

11 Lochte and Paul, Trans. Electrochem. Soc., 1933, 64, 23. 















688 BREAKDOWN OF OXIDE FILMS 

wire (C o*ii, P o*o6 %) totally immersed in stirred, aerated solutions of sodium 
chloride and hydroxide with various C 1 -/OH ~ ratios ; four of their curves, showing 
potential rise followed by fall, are replotted in Fig. 4, and the similarity they 



Time (min.) 

Fig. 4. —Potential-Time curves, steel (air-formed oxide-film) in solutions 
giving corrosion ; film-repair followed by breakdown. 


show to the present experimental curves, obtained by the “ drop " technique 
with different steel and electrolytes, is noteworthy. 


Discussion 

Interpretation of Results.—The results may be explained by an 
extension of the breakdown theory previously proposed for tin 6 and 
reviewed above. 

We may picture the breakdown process, in solutions containing too 
large a Cl - or CIO7/CO7, NOj, or CrO~ 4 “ ” ratio to give immunity as 
follows : 

1. Ferrous ions appear in the film pore by anodic dissolution. 

1 (a). Ferrous ions are oxidized to ferric by nitrite or chromate (not 
by carbonate), e.g. 

Fe++ + NO* -f H *0 Fe +++ + NO -f 2OH- 

3Fe++ + CrO; - + 4H 2 0 -> 3Fe+++ + Cr+++ -f 8OH-. 

2. Precipitation of basic ferrous carbonate, ferric hydroxide, or 
(Fe +++ , Cr+++, OH- Cr 07 ~) 12 occurs within the pore, tending to heal 
it and causing the corrosion potential of the metal to rise. 

3. When the concentration of C 07 ~, NOJ” or Cr 07 ~ within the pore 
has been reduced by 1 (a) and/or 2, and insufficiently replenished by 
transport from outside, ferrous hydroxide is precipitated and the pH 
hills. 


12 Hoar and Evans, /. Chem. Soc., 1932, 2476. 
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4. When the pore pH has fallen to around 5, Fe+ + is insufficiently 
precipitated 1 to give continued pore-healing, but on the contrary the 
continuing metal dissolution gives undermining and breakdown of the 
film near the pore, causing the corrosion potential to fall. 

In solutions containing a high ratio of inhibiting to corrosive anions, 
the transport of inhibiting anions into the pore by electrolytic migration 
is evidently always sufficient to deal with all the Fe++ produced. In 
solutions containing a low ratio, the breakdown process can operate 
easily, since stage 4 above is reached quite quickly. For intermediate 
ratios, not quite high enough to give immunity, breakdown is slower ; 
the onset of corrosion is in fact found to be delayed in such solutions, 
as compared with that in solutions with a low ratio of inhibiting to 
corrosive anions. The exhaustion of inhibiting anions envisaged in 
stage 3 must necessarily depend largely on the ratio of inhibiting to 
corrosive anion, since its replenishment by migration clearly depends on 
this ratio. Thus the fact that the concentration of chloride or perchlorate 
necessary to give breakdown increases with inhibitor concentration— 
result (i) of the previous section—is readily explained. 

The rate of breakdown of the 24-hr. film formed in air at room tem¬ 
perature on abraded steel is much more rapid than that of the 100-hr. 
air-formed film on tin previously studied ; 6 the potential maximum 
occurred at times varying from a few seconds to a few minutes. This is 
because the present films are much thinner and the pores shorter, and 
more especially because the pore anolyte need not become nearly so acid 
as in the case of tin, with its very sparingly soluble hydrous oxides. 

We may now consider result (ii) of the previous section—the comparison 
of chloride and perchlorate as film-rupturing anions. At low concentra¬ 
tions the almost exact equivalence in their behaviour is evidently due to 
the near correspondence of their mobilities, sizes, solubilities of the ferric 
and ferrous salts, lack of oxidizing power, and proton affinities, referred 
to previously. At higher concentrations, the higher equivalent con¬ 
ductivity of a chloride solution as compared with a perchlorate will 
militate against replenishment of inhibiting anion by migration, so that 
a higher concentration of inhibiting anion will be necessary to prevent 
corrosion ; furthermore, owing to the greater complex-forming tendency 
of chloride, this ion will produce at any given pH a higher ratio of soluble 
to insoluble iron compounds, since the formation of soluble ferric (and 
possibly ferrous) complexes will tend to prevent the precipitation of 
hydroxides and/or basic chromates. Thus the somewhat greater film- 
rupturing power of chloride ion as compared with perchlorate in the more 
concentrated solutions is well explained by the general theory. 

The superior inhibiting power of nitrite and chromate ions as com¬ 
pared with carbonate (result (iii) above) is well known, and is almost 
certainly due to their oxidizing power for ferrous ion ; the ferric com¬ 
pounds produced in the film pores have much smaller solubility products 
than the corresponding ferrous, and thus continue to give film repair 
at a much higher pore acidity. 

Instead of the metal dissolution to soluble cations, followed by their 
precipitation, suggested as the initial processes within the film pore 
((1) and (2) above), it is possible that a mechanism of direct anion reaction 
with metal to give a compact adherent film at the bottom of the pore 
occurs, somewhat as discussed by Evans and Hoar 13 in connection with 
magnesium corrosion, by Verwey 14 for the formation of oxide films on 
aluminium by anodic oxidation, by Pyke and Cohen 16 for nitrite in¬ 
hibition of steel corrosion in natural waters, and by Mayne and Pryor 14 
for the oxidation of a film-free steel surface by pure chromate solutions 

13 Evans and Hoar, Trans. Faraday Soc ., 1934, 3 °» 424. 

14 Verwey, Physica, 1935, 3 , 1059. 

16 Pyke and Cohen, Trans. FAectrochem. Soc,, 1948, 93, 63. 

14 Mayne and Pryor, /. Chem. Soc. (in press). 
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with the production of a compact y-Fe 2 0 8 film (shown by electron 
diffraction). Such a mechanism is attractive in that it does not need 
the postulate of an aqueous precipitation for the formation of insoluble 
compounds; the precipitation of hydrous ferric oxide from aqueous 
ferrous solution by nitrite is a rather slow reaction (though it may well 
be more rapid on an iron oxide surface such as the sides of a film-pore). 
The film-rupturing power of “ corrosive " anions such as chloride and 
perchlorate in presence of (insufficient) inhibiting anion must be some¬ 
what differently and less simply pictured if the latter acts by direct dis¬ 
charge ; to account for it, it is necessary to postulate, instead of (3) and 
(4) above : 

3 [a). Production of pore acidity and the discharge of hydroxyl ion 
upon the compact film at the pore base, ferrous ions moving up from the 
metal through this film by lattice diffusion. 

4(a). Dissolution of the film (now ferro-ferric) at the pore base when 
the pH in the pore has fallen sufficiently. 

Present experimental evidence is scarcely sufficient to provide a 
decision between these alternative kinetic mechanisms of film repair 
followed by breakdown. On either view, however, the conception of 
repair or breakdown consequent on the relative transport of inhibiting 
or corrosive anions, and on the dependence of corrosion-product solubility 
upon the acidity within the pore, holds good ; so does the explanation, 
on grounds of solubility, of the superior inhibiting powers of the oxidizing 
anions that produce ferric compounds. These essentially thermodynamic 
explanations based upon variations of solubility with pH (of which 
Pourbaix has given a generalized graphical treatment 17 ) are a develop¬ 
ment of the arguments previously used in the case of tin. 

Kabanov, Burstein and Frumkin, 18 studying the anodic behaviour 
of iron in alkaline chloride solutions, point out that hydrox}d ion passivates 
and chloride ion activates iron anodes. They explain this with reference to 
the film-forming power of hydroxyl ion and a “ selective adsorption " of 
chloride ion that prevents film formation. It seems more precise to explain 
the influence of chloride in terms of the transport-solubility theory 
developed above, as already outlined in the discussion of Kabanov’s 
paper. 19 It may be noted that Kabanov found an initial rise of anode 
potential followed by a fall, indicating film repair followed by film 
breakdown. Further, the quantity of electricity needed to reach the 
potential maximum of the anode was of the order of io~ 4 coulomb /cm. 9 , 
corresponding to a volume of ca. 4 X io~ 8 cm. 8 of iron, or some io~ 9 cm. 3 
of ferrous hydroxide ; this is of the right order of magnitude to produce 
partial plugging of the pores of an oxide film, say, 100 A thick, i.e. of 
volume io~* cm. 3 per cm. 2 of surface. 

The Glassification of “Corrosive” Anions. —The term "film- 
rupturing power " has been used in this paper to describe the property 
of chloride, perchlorate and similar corrosive anions, rather than " film- 
penetrating power," in popular use following the work of Britton and 
Evans. 3 Emphasis is thus given to the view that the process associated 
with the onset of corrosion is the alteration of the film pores by partial 
plugging followed by undermining, the progress of this alteration being 
largely determined by the nature of the anion. The mere penetration 
of pores and cracks in oxide films on iron and mild steel by any anion, 
is, on this view, a relatively easy and rapid process because of the large 
width of the fissures compared with the diameters of the common anions, 
which may be assessed from the electrical mobilities as not widely different, 
perhaps owing to the higher degree of hydration of the halide as compared 
with other ions. It is not intended to imply that a real difference of 

17 Pourbaix, Thermodynamique des Solutions Aqueuses Diludes (Thesis, 
Ddlft, 1945 ; Bdranger, Paris and Li6ge). 

18 Kabanov, Burstein and Frumkin, Faraday Soc. Discussion, 1947, I, 259. 

19 Hoar, ibid., 1947, I, 299. 
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anion penetrating power never occurs—it may perhaps do so in the case 
of especially highly protective films such as those on aluminium anodes 
studied by Britton and Evans, 8 though it is at least possible that their 
measured increases in anodic current caused by chloride ion, etc., were 
really due to film breakdown by the mechanism discussed above ; and 
we may note that Kabanov and his co-workers, 17 in the work discussed 
above, do not accept the film-penetrating power of chloride ion as suf¬ 
ficient explanation of its activating influence on iron anodes in alkaline 
solutions. 

There are, in fact, other arguments that easy anion penetration is 
quite usual : 

(i) In the great majority of cases of metals put into contact with 
electrolytes, movement of the measured potential from its initial value 
occurs quickly, sometimes to the extent of decivolts per second, even 
when no visible corrosion or film-growth occurs for minutes or hours 
afterwards. Thus the cell 

0 2 on oxide-film surface | Electrolyte | Metal at base of film pores 

is in action almost immediately the film surface is wetted ; that is, the 
pores are rapidly penetrated by ions and solvent molecules alike. 

(ii) If a pore is small enough to exert some kind of “ sieving " effect 
on the common aqueous anions (diameters ca. 5-6 A) it can at any instant 
contain only one anion and one outcoming metal cation sufficiently near 
one another to avoid the production of a charge-separation effect and a 
consequently very large polarization. Nor can there be more than a 
few solvent or solvating molecules nearby, and little or no space is pro¬ 
vided for the electrolyte cation. Thus in pores of anion-sieve dimensions 
any partial penetration by an electrolyte must lead at once to high 
electrical polarization and complete mechanical plugging, so that such 
pores can play no part in the initiation of corrosion. 

What is a Pore ?—If we accept the view that pores effective in 
initiating corrosion are of such size as to be easily permeable by ions and 
solvent molecules, it is difficult to see how bare metal can exist at the 
base of such pores without being at once oxidized by atmospheric oxygen, 
on steel specimens exposed to air. When such specimens are immersed 
in electrolytes, however, local electrolytic action seems to begin im¬ 
mediately, as shown by the movement of the single potential, and the 
only possible electrolytic action seems to be that between film-covered 
metal and " bare ** metal. Two possible explanations of this paradox 
can be offered. 

(i) Contact with electrolyte tends to rupture the air-formed oxide 
film, e.g. by alteration of surface forces and hence mechanical stresses, 
leading to pores or fissures ( dissolution of thin parts of film is ruled out 
(n solubility-product as well as kinetic grounds). 

(ii) The air-formed film is in a continual state of cracking and healing, 
due to its formation under mechanical stress, as argued by Evans ; 20 
thus, when the specimen is immersed in electrolyte, cracks—i.e. pores— 
appear constantly and provide bare metal from the first moments of 
immersion onwards. 

Either initial process should produce a rapid fall of corrosion potential, 
even before the rise due to partial plugging already discussed. Such a 
fall is found in the case of tin, 6 but it has not yet been possible to observe 
it on mild steel covered with the 24-hr. oxide film formed in air at room 
temperatures, probably because with such a thin film it is exceedingly 
rapid. However, Fig. 5 shows duplicate potential-time curves obtained 
by the drop technique on a mild steel specimen carrying a fairly thick 


20 Evans, Corrosion and Material Protection, 1948, 5, No. 4, 15. 
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film (formed by heating in air at 250° C for 1 hr.) in which a preliminary 
fall of potential is found. These curves may be compared with the 
corresponding curves for the same electrolyte (o*oi M NaCl, 0*0015 M 
NaNO a ) on specimens carrying the thin 24-hr. room-temperature film 



Fig. 5.—Potential-Time curves, steel (film formed 1 hr. at 270 °C) in solution 
giving corrosion ; film penetration repair and breakdown. 


(Fig. 4). It will be seen that the maximum due to partial pore-plugging 
occurs after ca. 1 min.—the general time-scale being increased for the 
thicker film, as would be expected. 

An Analogy between Paint Films and Oxide Films.—Wormwcll 
and Brasher, 21 following Blum and Haring 22 and Haring and Gibney, 28 
have measured the change of potential of painted steel exposed to sea¬ 
water. They find that there is an initial fall, followed by a rise to a 
maximum in some 30 days, and then a final fall with onset of corrosion. 
This behaviour exactly parallels, on a much larger time-scale, that of the 
present specimens carrying an oxide film only, and a modified form of 
the present mechanism seems adequate to explain it. In the case of 
an organic paint film, the film surface cannot, of course, be a cathode ; 
but it is likely that metal at the base of some of the pores in the paint 
film acts as cathode towards that at the base of other pores. Thus an 
electrolytic system very like that here postulated for oxide films is set 
up : the first potential fall is probably due to the breakdown of the oxide 
film at the bottom of the “ anodic ” paint pores, corresponding to the 
effect discussed above ; the rise is due to the partial plugging of these 
pores, and the final fall to their complete breakdown. The time-scale 
is much longer than for the case of the oxide film because the paint film 
is much thicker, with much longer pores having high electrolytic re¬ 
sistance, as suggested by Mayne. 84 

The “ cathodic ” pores are presumably those that initially have oxide 
film at their base in relatively good repair ; they will, of course, become 
alkaline and remain corrosion-free, though doubtless centres from which 
** alkaline peeling” of the paint begins, 86 It is noteworthy that alkaline 

81 Wormwcll and Brasher, Nature, 1947, * 59 » 678. 

28 Blum and Haring, Trans. Electrochem. Soc., 1936, 69, 169. 

83 Haring and Gibney, ibid., 1939, 76, 287. 

24 Mayne, 1st Int. Paint Con). (Paris, 1947), (in press). 

86 J. E. O. Mayne (private communication, Dec. 1947). 
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peeling is often relatively severe over the mill-scaled parts of partly de¬ 
scaled painted steel, *• presumably because these become cathodic, as 
previously explained in general terms. 17 

My thanks are due to Mr. G. E. S. Eyles for careful assistance in the 
experimental work, and to Dr. U. R. Evans (in whose laboratories much 
of the work was carried out), Dr. J. N. Agar, Dr. J. E. O. Mayne, Mr. 
M. J. Pryor and Dr. M. Cohen for a number of stimulating discussions. 

Department of Metallurgy , 

University of Cambridge . 

26 Footner, J. Oil Col. Chem. Assoc., 1944, 27, 32. 

27 Hoar, ibid., 1944, 27, 32. 


THE INFRA-RED SPECTRUM, AND THE 
ASSIGNMENT OF THE FUNDAMENTAL MODES 
OF VIBRATION OF THIOACETIC ACID 

By N. Sheppard 
Received 21st February , 1949 

The infra-red spectrum of thioacetic acid has been obtained and, with the 
help of the previously available Raman spectrum, has been used to obtain 
assignments for the fundamental modes of vibration of this molecule. A tenta¬ 
tive frequency assignment has also been made for the closely related acetyl 
chloride molecule. The precise positions and intensities in the spectra of some 
of the fundamental modes of thioacetic acid have been used to draw conclusions 
about the polarity of the SH linkage, and the relative force constants of the 
methyl and C — O groups when compared with those in related molecules. 


The infra-red spectrum of thioacetic acid has been obtained as part of 
a programme of work on the spectra of sulphur containing organic mole¬ 
cules. With the help of these data and the previously published Raman 
spectrum, it seemed worthwhile to attempt an assignment of the ob¬ 
served frequencies in terms of the normal modes of vibration of this 
molecule. 


Experimental 

A pure sample of thioacetic acid, kindly supplied by the British Rubber 
Producers' Research Association, was evaporated into a previously evacuated 
gas cell with rocksalt windows. The infra-red spectrum was taken with a Hilger 
£>209 double-beam spectrometer operating under standard conditions described 
previously. 1 Our observed infra-red spectrum is shown in Fig. 1. Fig. 2 
shows a schematic representation of the Raman spectrum of this substance, 
and of the closely related acetyl chloride molecule, taken from the previous 
work of Kohlrausch and Pongratz. 2 The individual infra-red frequencies and 
intensities together with those found in the Raman spectrum of the liquid 2 
are given in the first two columns of Table I. 

Assignment of the Spectrum. —The maximum degree of symmetry that 
this molecule could possess would be a single plane of symmetry (symmetry 
group C 9 ) and hence all the fundamental modes are allowed in both the infra¬ 
red and Raman spectra. There will be eighteen internal degrees of freedom 

1 Sheppard and Sutherland, J. Chem. Soc., 1947, I 54 °- 

a Kohlrausch and Pongratz, Z. physik. Chem. B, 1934, 27, 176 ; ibid., 1933, 

373 - 
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in all, sixteen of them corresponding to vibrational modes, and two of them to 
the restricted rotations of essentially the CH, and SH groups about the neigh¬ 
bouring single linkages. The vibrational modes can be further subdivided 
into expected spectral regions according to well-established principles 3 as follows : 
3500 — 1800 cm." 1 (four fundamentals; three CH stretching modes and one 



Fig. 2. —The Raman spectra of thioacetic acid and acetyl chloride (after 
Kohlrausch and Pongratz). 2 


SH stretching mode), 1800 — 1600 cm." 1 (one fundamental ; a C —O stretching 
mode), 1600 — 1300 cm. -1 (three fundamentals ; CH, deformation modes), 
1300 — 550 cm." 1 (five fundamentals ; one C—C stretching, one C—S stretching, 
two CH, wagging, and one SH deformation mode) and <550 cm." 1 (two in-plane 
and one out-of-plane skeletal bending mode). With the help of these consider¬ 
ations and the strength and coincidences of the frequencies in absorption and 


3 Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (D. Van 
Nostrand Co., Inc., New York, 1945), p. 195, and discussions of individual mole¬ 
cules. 
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scattering (see Fig. 1 and 2, and Table I), the following frequencies have been 
chosen as being probably fundamentals : 2982 (2), 2920, 2568, 1696, 1415 (2), 
1352, 1126, 1055, 993, 832, 626, 445, 432, 317 cm.- 1 . 

The prominent lines in the Raman spectrum at 2568 and 832 cm.- 1 , which 
do not have counterparts in the very similar spectrum of acetyl chloride, are 

TABLE I. —The Observed Infra-red and Raman Frequencies 
of Thjoacetic Acid, and their Assignment to Fundamental 
Vibrations of the Molecule 


Infra-red 

cm .- 1 

Raman a 
cm .- 1 

Assignment 

33bo {m) 


2 X 1696 

3200 ( m) 


(?) 


2982 (l) 

CH S asymm. stretch (2) 

2920 (m) 

2919 (7) 

CH a symm. stretch 

2550 (w) 

2568 (5) 

SH stretch 


1756 (1?) 

1126 + 626 (?) 

lb 96 (vs) 

1694 (2) 

C = 0 stretch 

mis (*») 

1415 ( 1 ) 

CHj asymm. deformation (2) 

1352 (s) 


CH a symm. deformation 

1287 (w) 


828 -f- 445 

1227 (w) 


? 

1126 (s) 

1130(2) 

CH 3 in-plane wag. 

1071 (w) 


626 4- 445 


1055 (i) 

Cl 1 3 out-of-plane wag. 

993 (s) 

990 (2) 

C—C stretch 

947 M 


626 -I-317 

865 (w) 


445 4 4 32 

838 (m) 

832 (2) 

SH deformation 


026 (8) 

C—S stretch 


522 (1) 

838—3*9 

Not investigated 

445 (7) 

Skeletal in-plane bend 


432 (3) 

Skeletal in-plane bend 


317 (i) 

Skeletal out-of-plane bend 


(7;.$) very strong, (s) strong, (m) medium, (w) weak. 


clearly the SH stretching and deformation modes respectively. Both of these 
frequencies agree well with values for such modes previously obtained in related 
molecules, 4 * * * a * • and have been previously assigned in this manner by Kohlrausch. 7 
The assignment of the remainder of the fundamentals in the region 3000 — 1300 
cm.- 1 also follows previously well-established lines, while the 626 cm.- 1 Raman 
line, and the frequencies below this value are clearly to be identified with the 
C---S stretching and skeletal bending vibrations respectively. The assignment 
of the remaining frequencies, viz. 1126, 1055, and 993 cm. -1 , will now be con¬ 
sidered. These frequencies were chosen as fundamentals as they all occur in 
the Raman spectrum, and because an analogous trio of lines is also present in 
the corresponding acetyl chloride spectrum (Fig. 2). Two of them also have 
strong counterparts in the infra-red spectrum (see Table I). These frequencies 
have to be assigned to the in-plane and out-of-plane CH S wagging modes, and 
the C—C stretching vibration. The correlation of the 1126 cm. -1 line with 
the in-plane CH, wagging mode is in agreement with similar assignments in 
other molecules 8 * • and with the fact that this is a completely symmetrical mode 
(assuming the molecule to have a plane of symmetry). For this reason it should 
be fairly strong in the Raman spectrum. It seems probable that the 993 cm.- 1 
line is also the C—C stretching mode on similar reasoning, and this is a likely 
value for such a mode. The 1055 cm.- 1 line is therefore assigned to the out-of- 
planc wagging mode. 

4 Kohlrausch, Ramanspektren (Akademische Verlagsges., Becker and Erler, 
Leipzig, 1943). P- 211. 

* Thompson and Skerrett, Trans. Faraday Soc 1940, 36, 812. 

8 Sheppard, J. Chem. Physics, 1949. 17, 79- 

7 Kohlrausch, loc. cit., p. 248. 

8 Wu and Barker, J. Chem. Physics, 1941, 9, 487. 

• Szasz, Sheppard and Rank, ibid., 1948, 16, 704. 
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The results of the above assignments are summarized in the third column 
of Table I. There appear to be no features in the Raman spectra which can 
be attributed to the restricted rotation of the CH 3 and SII groups, but such modes 
seem to be in general difficult to observe spectroscopically. Most of the remainder 
of the observed frequencies in the infra-red spectrum can all be explained reason¬ 
ably as being summation or difference bands involving the already assigned 
fundamentals, as shown also in Table I. The infra-red frequencies at ca. 3200 
and 1227 cm." 1 are exceptions to this. The fact that the 1227 cm.- 1 band 
could not be satisfactorily explained in terms of the other fundamentals led 
to its reconsideration as fundamental. However, the only reasonable alternative 
seemed to be to substitute this for the weak 1055 cm.- 1 Raman line already 
assigned to the out-of-plane CH S wagging mode, and as 1227 cm." 1 appears to 
be an unusually high value for such a mode the possibility was rejected. It 
seems probable therefore that this infra-red absorption finds its explanation 
in terms of a combination frequency involving one of the non-assigned low 
lying torsional modes. There are several ternary combinations that can be 
assigned to the 3200 cm. -1 infra-red absorption, but as there is no satisfactory 
way of distinguishing between these, its assignment has been left open. 
Although some of the assigned combination levels do not agree too satisfactorily 
with the observed frequencies, the possible anharmonicities, and the fact that 
the Raman frequencies correspond to the liquid state, makes them appear 
reasonable. 

It is clear from the general similarities of the Raman spectrum of fhioacetic 
acid and acetyl chloride that the former predominantly exists in the form 
CH a CO . SH, and this has been assumed in the above discussion. However, 
it is perhaps possible that an equilibrium exists between this form and the 
isomeric CH 3 CS . OH, and that some of the weaker bands are due to the 
presence of a small percentage of the isomeric molecules. In particular, such 
a state of affairs would explain the difficulty in assigning the weak 1227 cm." 1 
absorption in terms of fundamentals of the CH 3 CO . SH molecule, and further¬ 
more one of the absorptions near 3300 cm." 1 could be caused by the presence 
of some OH linkages in such molecules. If this were the case the small pro¬ 
portion of CH S CS . OH molecules is presumably due to a higher energy content 
of these molecules, and the relative concentration of those should increase con¬ 
siderably with temperature. Such an effect would be observable as a temper¬ 
ature coefficient of some of the weak absorptions, relative to the stronger ones 
of the CHgCO . SH molecules. 

Discussion 

Several of the assigned fundamentals differ notably in frequency 
from the constant values that such modes of vibration have in the spectra 
of hydrocarbons, and it seems worthwhile to consider these in turn. Thus 
the CH stretching modes of the CH 3 group occur at 2982 and 2920 cm.- 1 
in contrast to their usual values of ca. 2960 and 2870 cm. -1 in saturated 
hydrocarbons. 10 As these modes are well known to interact to a negligible 
degree with the skeletal vibrations of a molecule (i.c. are independent 
of mass changes in the molecular skeleton) it seems that this must cor¬ 
respond to a rather higher value for the C—H stretching forces constant 
than is applicable to purely l^drocarbon molecules. 

Similarly the CH 3 deformation modes occur at 1415 and 1352 cm.- 1 
in thioacetic acid as opposed to their usual values of ca. 1450 and ca. 
1375 cm.- 1 in hydrocarbon molecules. Although in this case the different 
masses of neighbouring skeletal atoms may play some part in this change 
in frequency, it seems probable also that the force constants controlling 
the angular deformation of the CH linkages are decreased in magnitude. 
Both the effects so far discussed are also apparent in the Raman spectrum 
of acetyl chloride, and it is probable that they are due to a change in 
the electronic structure of the CH linkages caused by the neighbouring 
C —O group. The observations on the CH 3 deformation modes are also 
in line with a previous investigation in which CH deformation modes 
were found to decrease in frequency when an electronegative group was 
substituted nearby. 11 Kohlrausch 12 has previously made an extended 

10 Fox and Martin, Proc. Pay. Soc. A, 1940, 175, 208. 

11 Sheppard and Sutherland, ibid . 1945, 196, 195. 

12 Kohlrausch, h e. c t., p. 250 et. scq. 
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study of the variation of the C=0 stretching frequency with the nature 
of the substituent groups. However, it is interesting to note that this 
mode in the molecules acetyl chloride and thioacetic acid differs in fre¬ 
quency by 100 cm.- 1 (1798 and 1696 cm.- 1 ). As in this case the structures 
of the two molecules are otherwise very closely related as shown by the 
similarity of their Raman spectra, a difference of this magnitude must 
arise from a change in the C =0 stretching force constant. In this case 
the force constant has been notably increased by the substitution of the 
more electronegative chlorine atom for the SH group of thioacetic acid. 

A further point of interest is the considerable strength in the infra-red 
of the 2550 cm. -1 absorption caused by the SH stretching vibration. 
This fundamental is usually very weak in the infra-red (compare, for 
example, the relative strength of the SH and CH fundamentals in the 
ethyl mercaptan molecule,® which is of approximately equal size). The 
intensity of these SH bands in the infra-red will depend to a first ap¬ 
proximation 13 on the square of where Q is the amplitude of 

the SII stretching vibration, M is the dipole moment of the SH linkage, 
and r is the SH internuclear distance. It is very probable that for such a 
highly localized vibration, Q has approximately the same value in both 
thioacetic acid and ethyl mercaptan, and therefore that the value of 
dAf /dr for the SH linkage in the latter molecule is abnormally high. 
As it seems more likely that a highly polar linkage (i.e. with a high value 
of M) will have a greater dM /dr value than a relatively non-polar one 
(this is not necessarily true, as it depends on the precise shape of the 
M — r curve in question, 13 but the great strength in the infra-red of the 
stretching modes of many polar linkages such as O—H, N—H, C = G, 
etc., suggests that it is often the case) this observation may be an in¬ 
dication of a more polar SH linkage in proximity to the C — O group. 
In support of this contention is the fact that the SH deformation mode 
in this molecule (whose intensity depends directly on the dipole moment 
of the SH linkage) is much stronger in the infra-red than in the case of 
ethyl mercaptan. 6 On the other hand the polarity of the SH group is 
not .sufficient to give rise to hydrogen bonding effects, as shown by the 
essentially normal position of the SH stretching frequency. 4 

The Acetyl Chloride Spectrum.—As a consequence of the assign¬ 
ment of the fundamentals of the thioacetic acid molecule and the similar¬ 
ity of the Raman spectra of these two molecules, it is possible to make a 
tentative assignment also for the fundamentals of acetyl chloride. This 
is given below, the frequencies in cm." 1 having been taken from the 
Raman spectrum of this substance obtained by Kohlrausch and Pongratz: 2 

CH a asymmetrical stretching, 3016. 2991 ; CH 3 symmetrical stretching, 
2935 i C“C) stretching, 1798 ; CH, asymmetrical deformation, 1418 (2) ; 
CII3 symmetrical deformation, 1358 ; CH, in-plane wagging, 1096 ; 
C 1 I 3 out-of-plane wagging, 1038, C—C stretching, 933 ; C—Cl stretching, 
590 ; skeletal in-plane bending, 434, 348 ; skeletal out-of-plane bending, 
236. 

Although some of these frequencies might differ somewhat in the 
vapour phase, a more reliable assignment must await the investigation 
of the infra-red spectrum under these conditions. 

The author is indebted to Dr. G. B. B. M. Sutherland for a valuable 
discussion. He would also like to thank the British Rubber Producers' 
Research Association for the sample of thioacetic acid, the Master and 
Fellows of St. Catharine’s College, Cambridge, for a Senior Research 
Studentship held during the period of this work, and the Dunlop Rubber 
Co. Ltd., England, for financial assistance. 
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Cambridge. 


13 Herzberg, loc . cit., pp. 240, 261. 



THE LATTICE SPACINGS OF SUBSTITUTIONAL 
SOLID SOLUTIONS 


By G. V. Raynor 

Received 10th December , 1948 ; as revised ijth March, 1949 

The lattice spacing relationships for substitutional solid solutions of various 
elements in copper, silver and gold have been analyzed in examination of the 
suggestion that the change in lattice spacing on alloy formation may be con¬ 
sidered in terms of an atomic size factor and a valency factor operating together. 
If it is assumed that the contribution to the change of lattice spacing due to the 
difference between the valency of the solute and that of the solvent is the 
difference A between the observed lattice spacing and that calculated from the 
atomic sizes of the components only, certain regularities are shown. Where 
the solute is in the same period as the solvent, A oc (F.oiute — ^solvent )(e — 1), 
where V denotes valency and e the electron/atom ratio. Where the solute is in 
a period different from that of the solvent, 

A oc(I solute — ^solvent 4 * C)(e — l), 

where C is a constant depending on the difference in the periods of the com¬ 
ponent metals. No such regularity appears to exist for solid solutions in mag¬ 
nesium and aluminium, but in general A is positive where Ksoiute > Taoivent, 
and negative where F BO i u te < Insolvent- The results confirm the dual nature 
of lattice distortion effects in simple binary alloys. 


1 . Introduction. —The determination of the lattice spacings of 
alloys by precision X-ray techniques has led to the accumulation of many 
accurate data ; it is clear that in general solid solution formation is 
accompanied by lattice spacing changes. The term “ lattice distortion ” 
is commonly used to denote the mean change of lattice spacing tvhich 
occurs when a particular solid solution is formed. For cubic metals, 
such as copper, silver and gold, the lattice distortion takes the form of an 
average dilatation or contraction, owing to the presence of local centres 
of relatively intense dilatation or contraction. For non-cubic metals, 
relative changes in the dimensions of the unit cell may also occur. 

It has been shown repeatedly that Vegard’s law is of very limited 
validity, and that lattice distortion in substitutional solid solutions is 
intimately related to the solute valency, where this differs from that of 
the solvent. Information is particularly complete for the alloys of 
copper, silver and gold. 1 - 2 Thus, according to Hume-Rothery, Lewin 
and Reynolds, 1 equal atomic percentages of cadmium, indium, tin and 
antimony expand the lattice of silver by amounts proportional to 
213:4:6 respectively. In copper-rich alloys, equal atomic percentages 
of zinc, gallium and germanium expand the copper lattice by amounts 
proportional to 3:4: 4 8. These relationships were confirmed by 
Owen and Roberts, 8 who reported that the factors for zinc, gallium, 
germanium and arsenic in copper were 3:4:517, and that the numerical 
relationships for both copper and silver alloys were valid at high 
temperatures. 

1 Hume-Rothery, Lewin and Reynolds, Proc. Roy. Soc. A, 1936, 157, 167. 

2 Owen, J. Inst. Metals , 1947, 73 » 471. 

3 Owen and Roberts, Phil. Mag., 1939 (vii), 27, 294. 
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The atomic sizes of the solutes studied are all within the zone of favour¬ 
able size-factors with respect to the appropriate solvents ; since an 
increase in the valency of the solute leads to an increased lattice expansion 
at equal solute percentages, the distortion produced must depend markedly 
on the solute valency. The numerical relationships indicate that the 
effect of increasing valency is less marked in the copper series than in the 
silver series ; increasing valency tends to expand the lattice, but this 
tendency appears to be opposed by some factor which is relatively more 
important in the copper series. It has been suggested 1 that this opposing 
factor is due to a contraction of the atom with increasing atomic number 
since the change in atomic number (A.N.) resulting from one step in the 
periodic table is relatively less for the elements following silver (A.N. =47) 
than for those following copper (A.N. = 29). 

It is now recognized, from the results of lattice spacing experiments 
and of correlations of solid-solubility relationships with lattice distortion, 4 
that the general effect of the introduction of a solute atom on to the crystal 
lattice of the solvent is, broadly, composed of two main factors : 

(a) a valency factor, such that increasing valency of the solute 
produces an increased expansion of the lattice ; 

(b) an atomic factor, which may produce either an expansion or a 
contraction of the lattice. 

Thus, in a series of elements of regularly increasing valency, such as 
the scries zinc, gallium, and germanium, the valency factor increases 
with increasing valency, but, owing to the general shrinkage of the electron 
shells with increasing atomic number, the atomic factor becomes smaller. 5 
Although these tw r o factors have been recognized, the nature of their 
interaction has not been established. It is the purpose of the present 
paper to point out that, if the atomic factor be identified with the expansion 
or contraction of the lattice produced by the size difference between the 
solute and solvent atoms, then the residual distortions, which may be 
ascribed to valency differences between the components, show interesting 
regularities. 

2 . Lattice Spacing Effects in Alloys.—A recent analysis of the 
lattice distortion produced by various solutes in aluminium 6 has 
emphasized the complexity of the problem, and has confirmed that, even 
where the two metals of a binary system have the same valency and 
crystal structure, Vegard's law’ is frequently invalid ; the component 
atoms mutually influence each other. For alloys composed of metals 
of different valencies, additional effects, such as those involving Brillouin 
zone overlaps, may also be encountered, w f hile the influences of the ionic 
radii and the volume per valency electron have also to be considered. 

According to Vegard’s law, the lattice spacing of a binary alloy may 
be expressed in such a way that the mean interatomic distance 
d m nd ti + (1 - n)d k , 

where d k and d h are the inter atomic distances in the pure components, 
and n is the fraction of B atoms. Deviations from this relationship are 
often ascribed to differences between the A—B distances in the alloy 
and the mean of the A—A and B—B distances. Though this undoubtedly 
exists, as indicated by the changes in lattice spacing which occur w r hen 
a disordered alloy becomes ordered, thereby changing the relative pro¬ 
portions of A—A, B—B, and A—B distances, this view is too simple. 
The solute valency, electrochemical differences and Brillouin zone char¬ 
acteristics all exert influences which might be important in a given case. 

Certain alloys, however, in which such complicating factors are at a 
minimum, do show a relatively close approach to Vegard’s law. Devi¬ 
ations from linearity are relatively small, and detailed analysis shows 

4 Hume-Rothcry, The Structure of Metals and Alloys (Inst. Metals Monograph 
and Report Series, No. 1, 1944). 

5 Hume-Rothery, Phil. Mag., 1936 (vii), 22, 1013. 

•Axon and Hume-Rothery, Proc. Roy. Soc. A, 1948, 193, 1. 
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that the deviations which occur in systems where the solute and solvent 
valencies differ are very much bigger. In order to separate the valency 
factor in lattice distortion from the atomic factor, it would appear to be 
legitimate to assume that, to a first approximation, the expansion or 
contraction which would occur in the absence of any effect due to valency 
is given by an additive relationship between the interatomic distances 
in the component metals. Any residual distortion may then be attributed 
primarily to the valency factor. This procedure assumes that the atomic 
factor in lattice distortion is primarily an atomic size effect caused simply 
by the mixing together of differently sized atoms on a common lattice. 

Assuming the relationship 

+ (i - n)d k , 

the change in lattice spacing to be expected purely as a result of size 
effects may be calculated for any solute whose interatomic distance is 
known. For the purposes of this paper, the closest distance of approach 
in the crystal of the element is taken as a measure of the atomic diameter, 
irrespective of the co-ordination number of the particular crystal structure 
involved. The mean lattice spacing calculated in this manner for a 
particular composition differs from the observed value ; the difference, 

Aa = (^observed — ^calculated) 

represents the contribution to the lattice spacing resulting mainly from 
valency effects, and may be referred to as the “ valency contribution.* * 
A a also includes the relatively small-scale effects which cause deviations 
from Vcgard’s law in the absence of valency differences, but for the 
dilute solutions to be considered, these may, to a first approximation, 
be neglected. 

3. Alloys of Copper, Silver and Gold with solutes of the Same 
Period as the Solvent.—Accurate data exist for the lattice spacings of 
the solid solutions of zinc, gallium, germanium and arsenic in copper, 1 - 2 - 8 



Fig. i.—C urves of A r against electron/atom ratio for zinc, germanium, arsenic 
(and gallium) in copper. 

(a) CuGe. (b) CuAs. (c) (CuGa). (d) CuZn. 

and of cadmium, indium, tin, and antimony in silver. 1 - 8 These alloys 
form a convenient series for the examination of the atomic and valency 
■ factors, since complicating effects are at a minimum. The solutes are 
all of relatively favourable size-factor with respect to the appropriate 
solvent, and electro-chemical differences are not important except for the 
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relatively electronegative elements arsenic and antimony. Except for 
these elements, the difference between the observed and calculated 
lattice spacings may be attributed to the effect of the solute valency. 

Fig. 1 has been constructed from the data given by Hume-Rothery, 
Lewin and Reynolds, 1 and shows that, for zinc, germanium and arsenic 
in copper, the observed lattice spacing is greater than that calculated from 
atomic size differences only. In this figure, the difference has been ex¬ 
pressed for convenience as 

Ar = (^observed — ^calculated), 

where 4/3 tt r 3 — the atomic volume, and A r is plotted against the 
electron/atom ratio. The interatomic distances for zinc and germanium 
have been taken as 2*659 A and 2*445 A respectively ; for gallium, the 
complex crystal structure involves interatomic distances of 2*437, 2*706, 
2*736 and 2*795 A, so that no reliable value for the appropriate inter¬ 
atomic distance is available. The curves of Fig. 1 are initially linear, 
and for low solute concentrations, the ratio of the slope of the copper- 
germanium curve to that of the copper-zinc curve is accurately 3/1 
(see Table I). For a given solute, the valency contribution is proportional 

TABLE I 


System 

Initial Slope of Curve 
of Ar against <x io* 

^solute — Lgoivent 

CuZn . 

2*05 

I 

(OuGa) 

4 * 1 

2) 

CuGc . 

6*15 

3 

AgCd . 

2*3 

1 

(Agin) 

4*54 

2) 

AgSn - 

6*8 

3 

AgSb 

1 1 *2 

4 

CuAs . 

V2 

4 

AuIIg . 

at. 2*o 

1 

AuZn . 

4-8 v 

1 

AnGa . 


2 

AuGi* . 

8.9 >'° 5 

3 

Ant'd , 

14 >•(, 

1 

Auln . 

4 -o < 

2 

A11S11 . 

6-7 >7 

3 

AgZn . 

3-0 \,-<- 

1 

Agfla . 

()•<) / 

2 

AgGc . 

8-3 Z 1 ' 7 

3 

AgAs . 

6*6 

4 

Cut'll . 

21 > 3 

1 

Cull! . 

-y 5 <( 

2 

CuSn . 

26 >-5 

3 

Agllg . 

ia. 2*8 

1 

CuSi . 

4‘7 

3 

AgMg . 

-I 3’3 

1 


In this Table, the initial slope is expressed as ^ X io*. 

to (e — 1), where e is the electron/atom ratio, and at a given electron/ 
atom ratio the valency contribution is proportional to (VgoivHc — F go ivent), 
where V denotes valency. The valency contribution thus depends on 

25 
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the difference in the charges on the solvent and solute ions, and not 
merely on the increase in the energy of the conduction electrons caused 
by increasing their numlwr; if the latter were true, the curves of Ar 
against electron/atom ratio for diff erent solute valencies should coincide. 

If these principles be accepted, the corresponding curve for gallium 
in copper should lie midway between those for the copper-zinc and 
copper-germanium systems, as shown by the broken line in Fig. I. This 
allows a probable atomic diameter for gallium of 2*595 A to be derived. 
This is closer to the mean distances of approach of atoms in the gallium 
structure (2*7 A) than to the closest distance of approach, and confirms 
the suggestion made by Hume-Rothery, Reynolds and Raynor 7 that, 
for the study of alloy formation, the use of the closest distance of approach 
in this particular structure is unsound. 

Similar curves of A r against electron /atom ratio may be plotted for 
the alloys of cadmium, tin and antimony in silver ; 1 the interatomic 
distances in the crystals of cadmium, tin and antimony have been taken 



Fig. 2. — Curves of 100 A r/r against electron/atom ratio for copper and silver 

as solvents. 

(a) CuGe (#) and AgSn (A). (b) CuZn (O) and AgCd (A). 

as 2*9736, 2*797 (grey tin) and 2*898 A respectively. No reliable estimate 
of the appropriate value to be used for indium is available, owing to in¬ 
complete ionization in the crystal of the element. The initial slopes of 
the curves obtained are summarized in Table I ; although the absolute 
values are slightly different from those derived from Fig. 1, the ratio 
of the slopes for the silver-tin and silver-cadmium curves is again 3/1. 
As in the copper-gallium system, the slope of the silver-indium curve 
should lie midway between those for the silver-tin and silver-cadmium 
curves. The value of the atomic diameter of indium which would be 
consistent with such a slope is 2*926 A, which is smaller than the closest 
distance of approach in the crystal, in agreement with the suggestion 
that indium metal is incompletely ionized. From a comparison of the 
interatomic distances in white tin (incompletely ionized) and grey tin 
(completely ionized) the atomic diameter for fully ionized indium would 
be expected to be about 0*3 A less than that in the pure metal (3*24 A). 
The newly derived value is in good agreement with this. 

A comparison of the slopes of the curves of A r, the valency contribution 
to the lattice expansion, against the electron/atom ratio for zinc and 
germanium in copper and for cadmium and tin in silver reveals a further 
important point with regard to the expansion of the copper and silver 
lattices produced by a given increase in the electron /atom ratio. Table I 

7 Hume-Rothery, Reynolds and Raynor, J. Inst. Metals , 1940, 66, 191. 
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shows that the initial slopes are slightly larger for the silver alloys than 
for the copper alloys; the lattice spacing of silver, however, is slightly 
larger than that of copper. In Fig. 2, the percentage valency contributions, 
expressed as iooAr/r S oivent, have been plotted against the electron /atom 
ratio, and it is seen that, within the limits of experimental error, the 
points for zinc in copper and cadmium in silver lie on a single curve, while 
those for germanium in copper and tin in silver also fall on a single curve. 
For a given solute valency, a given increase in the electron/atom ratio 
produces the same percentage increase in the valency contribution to the 
lattice spacing for both copper and silver. Considering the valency 
contribution, therefore, the distortion effects produced, when allowance 
has been made for the atomic size factor, are the same for both solvents, 
and the puzzling differences noted by Hume-Rothery, Lewin and Reynolds, 
who considered the total distortion in the two series of alloys, disappear. 

The regularities shown for the divalent and tetravalent solutes are 
lost for the electronegative solutes arsenic and antimony. The silver- 
antimony system gives a curve which has nearly five times the slope of 
the silver-cadmium curve (Table I). This is unexpected, since it is well 
known that the lattice spacings of alloys whose components differ markedly 
in electrochemical character are usually abnormally small. This factor 
probably accounts for the relatively small slope of the curve of A r against 
electron/atom ratio for the copper-arsenic system, since arsenic is more 
electronegative than antimony, and copper is more electropositive than 
silver. It may be noted that the copper-arsenic system is not strictly 
comparable with the other systems studied, since the primary solid 
solution enters into equilibrium, not with an electron compound, but with 
an intermetallic compound Cu s As of very limited homogeneity range. 
In this compound, it is possible that arsenic exhibits an electrovalency 
of 3. 

For alloys of gold with elements of the same period, accurate data 
area vailable only for the gold-mercury system at 18 0 C. The interatomic 
distance in the mercury crystal at — 46° C is 2-999 A ; this may be cor¬ 
rected to 18° C by the known thermal expansion coefficient to give an 
estimate of the change in lattice spacing to be expected purely as a result 
of size effects. The Ar values deduced are uncertain to the extent of 
the uncertainty in the temperature correction for the atomic diameter 
of mercury, but the curve of A r against electron/atom ratio is close to 
those for zinc in copper and cadmium in silver (Table I). 

4. Alloys of Copper, Silver and Gold with Solutes of Different 
Periods from the Solvent.—From data in the literature, curves of A r 
against electron/atom ratio may be plotted for zinc, gallium, germanium, 
cadmium, indium and tin in gold, for zinc, gallium and germanium in 
silver, and for cadmium, indium and tin in copper. Data for certain 
other alloys are also available. 

(a) Gold with Zinc, Gallium and Germanium as Solutes.—The 

lattice spacing data for these alloys systems 8 have been plotted in Fig. 3 
as A r against electron/atom ratio, the atomic diameter for gallium being 
taken as that derived from Fig. 1. The solubility of arsenic is too small 
for accurate comparison of lattice spacings with those of the other systems. 
The valency contribution produced by zinc in gold is much greater than 
that given by zinc in copper or cadmium in silver ; the increase in slope, 
however, on passing from zinc to gallium is the same as that on passing 
from gallium to germanium (Table I). The valency contribution is again 
proportional to (e — 1) for a given solute, but, for different solutes at 
a given electron/atom ratio is proportional not to (K so iute — Fsoivent), 
but to (Fgoiute — Faoivent + C), where C is a constant depending on the 
differences in the electronic structures of the underlying ions of the 
solvent and solute metals. 


• Owen and O'Donnell Roberts, J. Inst. Metals , 1945, 71, 267. 
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(b) Gold with Cadmium, Indium and Tin as Solutes.—The slopes 
of the curves of A r against the electron /atom ratio, constructed from the 
data of Owen and Roberts 8 for these alloys, are given in Table I. The 
solubility of antimony is too small for accurate comparison of lattice 
spacings. The interatomic distance used for indium is that derived by 
comparison with silver-cadmium and silver-tin alloys. The valency 
contribution in the case of cadmium is of the same order as that produced 
by zinc in copper and cadmium in silver. On passing from cadmium 
to indium, the increase in slope is the same as that obtained on passing 
from indium to tin. The same type of regularity is therefore observed 
as for zinc, gallium and germanium in gold. 



Fig. 3.—Curves of A r against electron/atom ratio for zinc, gallium and 

germanium in gold. 

(a) AuGe. (b) AuGa. (r) AuZn. 

(c) Silver with Zinc, Gallium, Germanium and Arsenic as Solutes.— 

The lattice spacing data for these alloy systems are taken from the 
work of Owen and his collaborators, 2 and the curves of A r against 
electron/atom ratio are similar to those shown in Fig. 3. The slopes for 
the various curves are given in Table I, which shows that the increase 
in slope on passing from zinc to gallium is the same as that on passing 
from gallium to germanium. The curve for the silver-aisonic alloys 
shows a considerably smaller valency contribution than would be ex¬ 
pected for a pentavalent solute ; it is almost superimposed on the curve 
for silver-gallium alloys. 

(d) Copper with Cadmium, Indium, Tin and Antimony as Solutes. 

•—According to Owen 2 the percentage increases in the lattice spacing of 
copper produced by 1 atomic % of cadmium, indium, tin and antimony 
are respectively 0-216, 0-259, 0-2805 and 0-3095. The lattice spacing- 
composition curves on which these values are based do not appear to 
have been published. From these values, however, calculation shows 
that the values of A r at one atomic % of solute are, for cadmium, indium, 
and tin respectively, 0-007, 0-00157, an d 0-0026. If, as in the other 
cases studied, the curve of A v against electron/atom ratio is linear, then 
for a constant electron/atom ratio of 1-03 the corresponding A r values 
are 0-0021, 0-00235 and 0-0026. The increase on passing from the di¬ 
valent to the trivalent solute is again equal to that on passing from the 
trivalent to the tetravalent solute. As in the alloys previously con¬ 
sidered, the valency contribution for antimony is anomalous, and some¬ 
what lower than that produced by cadmium. 
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(e) Other Solid Solutions in Copper and Silver.—Data are avail¬ 
able for the solid solutions of mercury,• magnesium 10 and aluminium 11 
in silver, aluminium in gold, 8 and aluminium 12 and silicon 18 in copper. 
The alloys containing aluminium cannot, at present, be adequately dis¬ 
cussed in terms of contributions due to atomic size and valency differ¬ 
ences, owing to the uncertainty with regard to the appropriate atomic 
diameter for aluminium. The interatomic distance in the crystal of 
aluminium is abnormally large in comparison with the interatomic dis¬ 
tances in the crystals of neighbouring elements in the periodic table, 
and, from systematic studies of alloy formation and lattice spacing effects, 
it has been suggested that the size of the aluminium atom in copper, 
silver and gold alloys is somewhat smaller than the interatomic distance 
in the crystal, and is of the order of 2*7 A. The qualitative nature of 
this estimate, however, precludes quantitative analysis. 

The atomic diameter of mercury may be assessed from the inter¬ 
atomic spacings at — 46° C, as described for the gold-mercury alloys, 
and the resulting curve for the silver-mercury system is closely similar 
to that for cadmium in silver (see Table I). The curve of A r against 
electron /atom ratio for silicon in copper shows a positive slope (Table I), 
which is somewhat smaller than that of the copper-germanium curve. 
This may be accounted for by the fact that silicon is more electronegative 
than germanium, giving rise to a larger electrochemical factor. For the 
solid solution of magnesium in silver, however, there is a negative valency 
contribution. This is most probably due to the electropositive nature 
of magnesium ; the resulting high electrochemical factor tends to 
contract the lattice spacings. 

5. Magnesium Alloys and Aluminium Alloys.—For magnesium, 
the electronic state is more complex than for silver, copper or gold. The 
Brillouin zone for the magnesium structure, with two electrons per atom, 
is overlapped in the directions at right angles to the hexagonal axis. 14 
According to Jones, 15 the effect of a small overlap across a face of the 
Brillouin zone is to tend to expand the structure in a direction at right- 
angles to the face concerned. Any increase in overlap, caused by the 
solution of elements of valency greater than 2, thus tends to expand the 
a-spacings of the crystal; this expansion will be superimposed on the 
lattice spacing changes caused by atomic size differences. Conversely, 
the solution of univalent elements should lead to a negative valency 
contribution. 

When cadmium is dissolved in magnesium, there is no valency 
difference between solute and solvent, and the change in axial ratio is 
very small in dilute solution. This suggests that, in assessing the dis¬ 
tortion due to atomic size differences only, it may be assumed that very 
little change in axial ratio will be caused purely as a result of these 
differences. The closest distance of approach in the magnesium structure 

is d u g = (tf 2 /3 + ^ 2 /4)*’ 

In an alloy containing a proportion n of solute atoms, the closest distance 
of approach may, as previously, be expressed as 

Malloy ~ nd solute 4" (I — 

and then, assuming a constant ratio of the oaxis to the a-axis, the a 

•Day and Mathewson, Metals Tech., 1938, 51 (1) ; Trans. Amer. Inst. Min. 
Met. Eng., 1938, 128, 261. 

10 Andrews and Hume-Rothery, J. Inst. Metals, IQ4O, 69, 485. 

11 Foote and Jette, Trans. Amer. Inst. Min. Met. Eng., 1941, 143, 151. 

12 Obinata and Wasserman, Naturwiss., 1933, 21, 382. 

18 Anderson, Trans. Amer. Inst. Min. Met. Eng., 1940, 137, 334. 

14 Raynor, Proc. Roy. Soc. A, 1940, 174, 457. 

18 Jones, ibid., 1934, ! 47 » 4°°* 
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spacing to be expected as a result of atomic size differences may be cal¬ 
culated from the relation 

Malloy = (0 2 /3 + C*/4)*- 
The valency contribution is then 

Ad = (^observed — ^calculated) • 

The data for indium, tin, gallium and silver 14 • 16 are shown in Fig. 4 ; 
reliable estimates of the fully ionized atomic diameters for thallium and 
lead do not exist, so that curves for these solutes cannot be compared 
with those in Fig. 4. For comparison with the Aa values plotted, A a 



Fig. 4.*—Curves of Aa against electron/atom ratio for gallium, tin, indium 
and silver in magnesium. 

(a) MgGa. (b) MgSn. (c) Mgln. (r/) MgAg. 

for the magnesium-cadmium system up to 10 atomic % cadmium does 
not exceed 0-0006 A. 

The curves for indium and tin do not differ greatly in slope, while 
that for gallium is relatively close but probably affected by the change 
in the period of the solute. In marked contrast, the curve for small 
amounts of silver in magnesium, where the electron/atom ratio is reduced, 
shows that the valency contribution is negative, and that the effect of 
reducing the electron /atom ratio is almost exactly the reverse of that of 
increasing the number of electrons per atom. For magnesium alloys, 
these curves suggest that the most important effect introduced by solutes 
of valency other than two is that due to alteration of the magnitude 
of the electronic overlap from the first Brillouin zone. 

The electronic structure of aluminium is still more complex, and an 
analysis similar to that carried out for the copper, silver and gold alloys 
indicates that no well-defined regularities exist. The data of Axon 
and Hume-Rothery 6 show, however, that, where the solute is of higher 
valency than aluminium (i.e. silicon and germanium) A a is positive, 
while solutes of lower valency, with the exception of zinc, give rise to a 
negative value of A a, in agreement with the general principles discussed 
above. 

6. Summary and Discussion.—The data presented above confirm 
that, for copper, silver and gold alloys, the change of lattice spacing 
on alloy formation may justifiably be considered in terms of an atomic 
size factor and a valency factor operating simultaneously. For all 

1# Raynor, Proc. Roy. Soc. A, 1942, 180, 107. 
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systems studied, except silver-magnesium, the lattice spacing for a 
given composition is greater than that to be expected from a consider¬ 
ation of the atomic diameters of the components. The residual expansion, 
A r, is intimately connected with the solute valency, except for the electro¬ 
negative elements of Group V of the periodic table. The relationships 
are most clearly shown for solutes of the same period as the solvent, but 
analogous relationships exist where the solvent and solute are not in the 
same period. This is summarized in Fig. 5, in which the slopes 0/ the 



Iug. 5. -Slopes of the curves of A r against electron/atom ratio, plotted against 
the valency difference between solute and solvent, for copper, silver and gold 

alloys. 

(a) Zinc, gallium and germanium in gold. 

(/;) Zinc, gallium and germanium in silver. 

(r) Cadmium, indium and tin in silver. 

( d) Zinc, gallium and germanium in copper. 

(V) Cadmium, indium and tin in gold. 

curves of Ar against electron/atom ratio are plotted against the difference 
in valency between the solute and solvent. Where the solute is ill the 
same period as the solvent, 

Av/(e — j) cc( Faolute — Fgolvent), 

but where the solute is in a period different from that of the solvent, 

Ar/(e — i) oc (Faolute — Faolvrnt ~f~ G), 

where the constant C depends upon the difference in the periods of the 
component metals, and hence on the difference between the electronic 
structures of the respective ions. This indicates that the extra charge 
introduced by the solute atom is not the only factor involved in the 
valency contribution to the change in lattice spacing. It may par¬ 
ticularly be noted that zinc in copper and cadmium in silver give rise 
to the same percentage valency contribution (100 Ar/r» 0 ivent) to the 
change in lattice spacing for a given increase in electron/atom ratio ; 
the same behaviour is shown by germanium in copper and tin in silver. 

The above relationship for alloys in which both solute and solvent 
belong to the same period implies that the valency contribution per unit 
increase in atomic composition oc (F BO iute — Fgoivent)*, and thus takes 
the same form as the increase in electrical resistance brought about by 
1 atomic % of a solute of the same period as the solvent. 17 The field 

17 Linde, Ann. Physik., 1932* 15, 219. 
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of the extra charge causes the electron scattering which gives rise to the 
increased resistance. 

Regularity is lost for the electronegative solutes of Group V, which 
tend in general to give rise to a relative contraction of the lattice ; 
similarly, where the solute is highly electropositive (e.g. silver-magnesium) 
the electrochemical effect leads to a tendency towards lattice contraction, 
which may overcompensate for the valency contribution to give a negative 
A r value. 

Little regularity is shown for the curves of valency contribution against 
electron/atom ratio for the magnesium and aluminium alloys which may 
be studied. It is, however, generally confirmed that positive values of 
the valency contribution are produced by solutes of valency greater than 
that of the solvent, while negative valency contributions are given by 
solutes of valency less than that of the solvent. 

This research forms part of a general programme under the general 
supervision of Prof. D. Hanson, to whom the author’s thanks are due for 
his interest and encouragement. The author must also express his 
gratitude to the Department of Scientific and Industrial Research, the 
Royal Society, the Chemical Society, and Imperial Chemical Industries 
Ltd., for financial contributions to the general programme. 

Department of Metallurgy, 

The University, 

Edgbaston, 

Birmingham , 15. 


REVIEW OF BOOK 

Journal of the Electrodepositors’ Technical Society, Vol. XXII, 
1946-1947. (The Society, at 27 Islington High Street, London, 
N.i.) Pp. 268. Price to non-members, 42s. 

The new volume of this publication follows the same lines as its pre¬ 
decessors and a wide range of topics is presented. Of the papers devoted 
to specific depositions, nickel comes in for special attention, and the paper 
by G. E. Gardam on “ Smoothing Action as a Mechanism in Bright Nickel 
Plating ” is of particular interest. Four papers are devoted to the analysis 
of plating baths, and it is pleasing to note that two of these are concerned 
with the analysis of chromium plating baths by means of a photoelectric 
absorptiometer; it will be interesting to see to what extent these more 
rapid methods are adopted and whether their use results in a greater 
degree of control of the composition of plating baths. 

Included amongst the more general papers are a review on the metalliz¬ 
ing of glass and plastics and an article by A. W. Wallbank on “ Electro¬ 
plating Shop Costing ” which represents the most comprehensive scheme 
yet devised and clearly merits thoughtful attention from industrial 
readers. A paper by N. A. Tope on “ Factors Affecting the Distribution 
of Electrodeposits ” once more focusses attention on current distribution, 
a problem encountered in all electrolytic work, but one that has largely 
been ignored or neglected by all except practical platers. 

This volume marks the twenty-first anniversary of the Society, and 
the Society is to be congratulated on its coming-of-age and on the very 
important work that it has carried out over the last 21 years. 

J. F. H. 





THE SLOW OXIDATION OF 2-METHYL PENTANE 


By C. F. Cullis 
Received 24 th September, 1948 

A study of the slow oxidation of 2-methyl pentane shows that, while the 
kinetics of the reaction are superficially similar to that involving normal paraffins, 
the yields of peroxides and aldehydes are lower, and that small quantities of 
ketones are also present. Ketones may arise from the breakdown of tertiary 
peroxides, which are probably formed in addition to primary and secondary 
compounds. In spite ot the stability to oxidation of the ketones when formed, 
the yields obtained are low, which suggests that tertiary peroxide formation is 
relatively small. This indicates that attack at the CH group in this hydrocarbon 
is not important compared with attack at CH a . 


In an earlier paper, 1 an account was given of the influence of structure 
on the ease of oxidation of some straight-chain and branched-chain 
paraffins. In addition, the kinetics of the oxidation of both w-hexane 
and tt-pentane were examined in some detail and found to have certain 
well-defined characteristics. Mulcahy, 2 who studied the oxidation of 
M-butane, found that this compound behaved in a closely similar fashion. 

It was thought desirable to examine in more detail the kinetics of the 
oxidation of a branched-chain paraffin to see whether any striking differ¬ 
ences in behaviour were to be found. Attention has been directed not 
to constructing a full theory of hydrocarbon oxidation, but to providing 
the significant comparisons wit h the normal compounds previously studied ; 
in particular, the question of ketone formation has been examined. 
Hitherto, comparatively few studies have been made of the slow oxidation 
of branched-chain paraffins. Pope, Dykstra and Edgar 3 compared the 
oxidation characteristics of five isomeric octanes with that of w-octane, 
and reached the conclusion that in general the behaviour of the straight- 
chain and branched-chain compounds is very similar. Beatty, 4 who 
studied the slow oxidation of 2 : 5-dimethyl hexane, detected acetone 
among the products, whereas ketones are not normally observed with 
straight-chain paraffins. Day and Pease, 6 who compared the rates of 
slow oxidation and the ignition temperatures of a number of hydrocarbons, 
noticed no fundamental difference in behaviour between the normal and 
fvS‘(?-paraffins. As far as is known, however, no more detailed study of 
the kinetics of the oxidation of a branched-chain paraffin has yet been 
made, and in this paper some results are described relating to the slow 
oxidation of 2-methyl pentane. 

Experimental 

The apparatus was of the same type as that used in the previous work, 1 
the reaction being followed manometrically and by analysis for intermediate 
products. The formation not only of peroxides and aldehydes but also of 
metfoyl ketones was investigated. Messinger's iodoform method 6 was employed, 

1 Cullis and Hinshelwood, Faraday Soc. Discussions, 1947, 2, 117. 

2 Mulcahy, ibid., 128. 

a P6pei Dykstra and Edgar, J. Amer. Chem. Soc., 1929, 51, 2203. 

4 Beatty, Chem. Rev., 1937, 21, 328. 

8 Day and Pease, J. Amer. Chem. Soc., 1941, 63, 912. 

6 Messinger, Ber., 1888, 21 , 3366. 
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aldehydes being first removed by oxidation with silver oxide. 7 It was found 
in this work that formaldehyde, as well as higher aldehydes, was completely 
oxidized by the latter reagent, so that its presence does not affect the analysis. 

The Induction Period and the Maximum Oxidation Rate.—The oxida¬ 
tion of 2-methyl pentane, like that of other hydrocarbons, is preceded by a 
somewhat variable induction period, after which the reaction accelerates rapidly 
to its maximum rate. In some cases, a small pressure decrease occurs before 
the normal pressure increase becomes apparent. In comparing the induction 
period and maximum oxidation rate with those of w-hcxane under corresponding 
conditions (Table I), it is interesting to observe that the induction period varies 
more on passing from one hydrocarbon to the other than does the reaction rate. 

TABLE I 

Temperature, 202° C ; Hydrocarbon pressure, 50 mm. ; Oxygen pressure, 200 mm. 



2-Meth}l Pentane 

n*Hexane 

Ratio 

Induction period (min.) 

23*0 

5*0 

4-6/1 

Maximum rate (mm./min.) 

0*455 

1*25 

1/2-8 


The dependence of both these quantities on the initial reactant concen¬ 
trations is given in Fig. 1 and 2. The reciprocal of the induction period is 
approximately proportional to oxygen and hydrocarbon pressure over the range 



Fig. 1.—The variation of the induction period with the pressure of the reacting 

gases. 

2-methyl pentane, 227 0 C. 

Open circles : hydrocarbon pressure varied, oxygen pressure, 200 mm. 

Full circles : oxygen pressure varied, hydrocarbon pressure, 50 mm. 

of concentrations studied ; at lower pressures, this quantity must evidently 
decrease more rapidly, so that the induction period becomes infinite when the 
concentration of either reactant is reduced to zero. In contrast, the maximum 
reaction rate increases rather steeply with hydrocarbon concentration but is 

7 Hagglund, Z anal . Chcm., 1914, 53, 433 ; Stepp and Fricke, Z. Physiol. 
Ghent., 1921, n6, 293. 




C. F. CULL IS 711 

* much less dependent on oxygen concentration. These results are analogous 
to those found for n-hexane and n-pentane. 



Fig. 2. —The variation of the maximum oxidation rate with the pressure of 

the reacting gases. 

2-methyl pentane, 227 0 C. 

Open circles : hydrocarbon pressure varied, oxygen pressure, 200 mm. 

Full circles : oxygen pressure varied, hydrocarbon pressure, 50 mm. 

Analytical Results. —Analysis for peroxides and aldehydes showed that 
much smaller quantities of these substances are formed than in the oxidation 
of n-hexane. Since the amounts of both these intermediates present at any 
stage are approximately proportional to the rate of pressure increase, it is 
relevant to compare the relative quantities formed at a standard value of 
Pmax. — i*o- These arc shown in Table II. 



TABLE II 



2-Methyl Pentane 

n Hexane 

Peroxides (max.) 

0‘55 

2-88 

Total aldehydes (max.) 

1*28 

5*55 

Fo rmaldeh yde (max.) 

o*81 

2-04 


If pressure measurements constitute a reliable criterion of the progress of 
the reaction, it seems likely that with 2-methyl pentane other intermediates 
are being formed concurrently with those detected. Tests for methyl ketones 
showed that these substances are also present, their formation being very small 
initially but increasing fairly rapidly and reaching a limit when the reaction is 
complete. Table III shows the concentrations of the various intermediates 
present at different stages of the reaction. Since the quantities of these inter¬ 
mediate products are exceedingly small, the whole of each sample withdrawn 
was used for the analysis of one type of product only. Such samples were taken 
after definite pressure changes had occurred, rather than after fixed time 
intervals. This procedure was adopted so that the observed variability of the 
induction period had no influence. 
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TABLE III,— Analysis of Products from Oxidation of 2-Methyl Pentane 

at 227 0 C 

Hydrocarbon pressure, 50 mm. ; oxygen pressure, 200 mm. 


>pure Change 

Peroxides 

Formaldehyde 

Aldehydes (Total) 

Ketones 

imra.) 

(All products are expressed in moles x 10-* per initial mole 0 *) 

0*3 

T *00 

o *43 

1*02 

0-65 

1 *o 

I* 27 

— 

— 

— 

2 5 

— 

1*10 

— 

— 

. 3*0 

1-14 

— 

2*02 

0*70 

4'5 

3 - 3 <> 

— 

— 

— 

6*o 

-- 

— 

2 ‘43 

— 

8-o 

1*27 

— 

— 

— 

8-5 


3*43 

2*85 

— 

10*0 

— 

— 

— 

1*20 

11*0 

0-00 

— 

— 

— 

12*0 


3*52 

— 

— 

3 2*3 


_ __ 

2*63 

— 

1 3*3 

1*19 

— 

— 

2 * 3 ° 

16-0 

— 

3-85 

— 

— 

lb *5 

— 

— 


i *97 

17*0 

o-86 

— 

3-25 

— 

i8*o 

- - 

— 

— 

2-03 

39-5 

— 

— 

1 

2*82 

21-0 


l - 


j - 

22-0 

— 


— 

— 

23*0 

0-48 

j 1 * 9 ° 


- 

2 3*5 

— 

. — 

— 

3-22 

26*0 

-— 

— 

3* 2 4 


27-0 

0*05 

1-56 


3-45 

29-0 (00 reading) — 

1 

3*25 

2*9 5 

4-10 


Discussion 

The general similarity of the kinetics of the oxidation of 2-methyl 
pentane suggests that the mechanism of the reaction is closely analogous 
to that occurring in the combustion of straight-chain paraffins, though 
some differences undoubtedly exist in the analytical results. 

Jt was previously suggested 1 that an important stop in hydrocarbon 
oxidation is the breakdown of intermediate peroxides, whose decom¬ 
position results in the production of aldehydes, e.g. 

Ri\ 

/CIT—O—O—CH 2 — R 3 

R./ 

would give Ri . CHO -f R a -f H . CHO -f- 1 < 3 . 

In the same way, ketones might be formed from tertiary peroxides ; for 
there is considerable evidence that the breakdown of such compounds 
consists in the splitting of the O -(> bond, followed by decomposition 
of the resulting radicals to give mainly ketones and saturated hydro¬ 
carbons. 8 Tertiary peroxides are, however, comparatively unreactive ; 
thus, according to Milas and Surgenor, 9 di-ter/.-butyl peroxide is unaffected 
even by concentrated hydriodic acid. The probable failure of such 

8 George and Walsh, Trans. Faraday Soc., 1946, 42, 94 ; Milas and Surgenor, 
J. Amcr. Chcm. Soc., 1946, 68, 205, 643, 1938; Raley, Rust and Vaughan, 
ibid., 1948, 70, 88. 

• Milas and Surgenor, J. Amer. Client. Soc., 1946, 68, 205. 
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compounds to respond to the methods of analysis employed may partly 
account for the apparently low yield of peroxides.! 

The formation of appreciable quantities of. tertiary peroxides in the 
oxidation of 2-methyl pentane would be somewhat difficult to under¬ 
stand, for the most probable point of attack in the molecule, 

(CH 3 ) a . CH . CH a . CH 2 . Cll 3 , 

is now thought to be that indicated by the asterisk. 11 The reaction with 
oxygen might therefore be initiated in the following way : 

(<H 3 ) 2 .CH (CH a ) 2 . CH 

>-'H a + O, -*■ /CH— + HO, 

IH,. Cl I, ch,.ch. 


(CH,',. CH (CH,',. CH 

NcH— + O, -> ^>CH— O — O — 

( II,. dH, CH,. CH, 

the latter radical resulting in the formation of a peroxide of the type, 


(CH 3 ) 8 . CHj 

>CH -O- 

.nr 3 .f'H t 


On decomposing, the left-hand portion of the molecule would yield an 
aldehyde and a free radical but no ketone. 

An essential feature of the reaction scheme previously proposed was 
the interaction of small alkyl radicals with fresh hydrocarbon molecules 
and the consequent regeneration of alkyl radicals of high carbon content. 
The work of Rice 12 has shown that in the reaction between hydrocarbons 
and alkyl radicals a tertiary carbon atom is the most likely point of attack, 
so that the radical produced would in this case probably be 


(Cll 3 ) 2 . C . CH 2 . CH a . CH 3 

and would ultimately form a peroxide containing a tertiary alkyl group. 
Tlie formation of ketones would be only very small in the initial stages 
of the reaction, but would increase as the interaction of alkyl radicals 
with hydrocarbon molecules becomes appreciable. 

Although comparison of the amounts of products formed shows that 
ketones are present in somewhat greater concentration than aldehydes 
at the end of the reaction, it must be remembered that ketones are 
relatively resistant to further attack by oxygen, whereas aldehydes are 
rapidly oxidized under the existing experimental conditions. The quan¬ 
tity of ketones finally present thus represents the total concentration 
produced during the entire course of the reaction, and amounts to only 
3*3 % of the products formed ; the rate of ketone production, compared 
with that of aldehydes, is clearly small. 

If ketones were produced in stoichiometrically considerable quantities, 
their formation might be an important factor contributing to a low ap¬ 
parent ease of combustion of branched paraffins, for effective oxidation 
might practically cease at this early stage. The absolute amounts present 
(corresponding to 2*5 mm. lig in the reaction vessel when the rate is a 

t The smaller amounts of aldehydes encountered would be expected to be 
accompanied by a lower yield of peroxides, for some of the peroxides present 
are undoubtedly aldehyde peroxides. In the oxidation of M-hexane, alkyl 
peroxides and aldehyde peroxides are present in approximately equal quantities. 10 

10 Cullis (unpublished work). 

11 Cullis, Hinshelwood and Mulcaliy, Proc . Roy. Soc . A t 1949, 196, 160. 

18 Rice, The Aliphatic Free Radicals (Johns Hopkins, 1935). 
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maximum) are, however, so small that their formation is evidently un¬ 
important in this respect. The low yields of ketones (and therefore 
probably of tertiary peroxides) suggest that attack at a CH a group in 
2-methyl pentane remains the general rule, but that for the reasons 
stated above attack may occasionally occur at CH. 

The author would like to thank Prof. Sir Cyril Hinshelwood for much 
helpful discussion and advice, and Mr. F. J. Stubbs for considerable 
assistance with the analysis for ketones. 
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A PROPOSED SIMPLIFICATION IN THE PROCEDURE 
FOR COMPUTING ELECTRIC DIPOLE MOMENTS 

By E. A. Guggenheim 
Received Sth November, 1948 

The usual procedure for computing the electric dipole moment of a polar 
solute in a non-polar solvent from Debye’s formulae is unnecessarily complicated. 
A simpler method is described which incidentally eliminates the need of measur¬ 
ing densities accurately. 


1 . Introduction.—It is the object of this paper to show that the 
usual procedure for computing the electric dipole moment of a polar 
solute in a non-polar solvent from Debye’s formulae is unnecessarily 
complicated. A simpler method is described which incidentally elimin¬ 
ates the need of measuring densities accurately. 

2 . Notation.—The following notation will be used : 
d Density, 

x Mole fraction of solute, 

C Concentration of solute expressed as moles/volume, 

V Mean molar volume, 
l\ Partial molar volume of solvent, 

V % Partial molar volume of solute. 

The above quantities are identically related by 

V - (1 ~ x)V x + xV % - V t + x(V 2 - V x ), . . (2.1) 

C — x/V .(2.2) 

F urther, 

€ Dielectric constant of solution, 

« 0 Dielectric constant of pure solvent, 
n Refractive index of solution, 
w 0 Refractive index of pure solvent, 

A = (« — < 0 ) — («* — »*). 

Finally, 

y» Electronic contribution to polarizability of solute molecule, 
y a Atomic contribution to polarizability of solute molecule, 
lx Electric dipole moment of solute molecule, 
k Boltzmann's constant, 

N Avogadro’s number. 
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3. Debye ’a Formulae.—We consider a solution of a polar solute 2 
in a non-polar solvent 1 at a temperature T. Provided the solution is 
sufficiently dilute for mutual interaction between solute molecules to be 
negligible, V 1 and V % are constants. Debye 1 has shown that, subject 
to certain assumptions or approximations which we do not need to dis¬ 
cuss here, the electric moment /x of the solute molecule can then be derived 
from the pair of formulae, 

« -it7_ *0 - I,, , T _ , 4^/ , , ,, y \ 


: F,(I - X ) + 


47 tN ( 
i y . 


+ Ya 4 * 


n % -f 2 


nl — r T _ - v 1 4 

if+- 5 F ‘ (I - ’> + -3 


These formulae are the basis of the determination of /* from measurements 
of e and n. Their derivation and foundation are admittedly open to 
criticism. 9 It is, however, the sole object of the present paper to con¬ 
sider the best way to use these formulae, not to criticize their derivation. 

4. Transformation of Formulae.—There is no need to devote space 
to describing the usual well-known procedure for deriving a value of fi 
from formulae (3.1) and (3.2). I shall rather straightway describe the 
alternative procedure which I recommend. I wish to emphasize here that 
this section contains nothing but elementary algebra. No new physical 
assumptions are made before § 7. 

We begin by subtracting (3.2) from (3.1) obtaining 
1 e — 1 n 2 — n — c € 0 — 1 nl — 1) . . , 4nN f , n 2 ) 

{e^f-2 n 2 - i- 2/ “ lc 0 4-2 MJ + 2J 11 * 3 + $kT)*' 


If there were no atomic contribution to the polarizability of either 
solvent or solute molecules, we should have e 0 = «J and y a — o, so 
that (4.1) would reduce to 

f € I « 2 —‘It— 477 -TV /X 2 

{ 7+2 " v ~ IT 3kT x - • • (4-2) 

or when we use (2.2) 


e + 2 n 2 4-2 9 kT ’ 

According to (4.3) if the experimental quantity 

« -_l _ «’ - 1 s 3(« - »*) / 3 

c 42 n 2 + 2 (t -f 2) (w 8 -f- 2) * * 

were plotted against C one should obtain a straight line through the 
origin having a slope equal to 

. ( 4 . 5) 

9 kT ' 4 5 ' 

Owing to the atomic polarizability of the solvent, c 0 is not equal 

to n\ and so we have the more complicated relation (4.1) instead of (4.3). 

1 shall now show that even when we take account of atomic polarizability, 

formula (4.1) can be transformed to a form almost as simple as (4.3). 

I begin by defining for convenience a fictitious atomic polarizability 

y a of the solute according to which the polarizabilities of solute and solvent 

would be in the ratio of their molar volumes. This definition of y' a can 

be expressed by the equation, 

4 *N / ft 0 — 1 nl — 1) V 2 

T r *“\«. + a ‘ ■ • (4 ' 6) 

so that y a is completely defined in terms of the experimental quantities 
«o, n 0 , Vv 

1 Debye, Polar Molecules (1929), §11. 

2 See Onsager, J . Amer. Chem. Soc., 1936, 58, i486. 
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When we substitute (4.6) into (4.1) using (2.1), we obtain 

f «- r _ v = _ n lzJ\v + A ~-{y - v ' + -*1 U (4.7) 

U+2 M J + 2j \«„ + 2 «S + 2 J 3 l a '3kli 

Now, dividing (4.7) by V and using (2.2) we obtain 

ft -I M S -I) f«, -I »!-n , 4»Wf , fl" ) r - m 

tr+i -». + il = (.-■+1 “ ^+u + “\ y * “ y “ + ,^'J (4 ' 8) 

According to (4.8) if the experimental quantity 

LuJ. _ w ‘ r- 1 s . . (4.0) 

is plotted against C the curve has an initial height 

—.(4.10) 

(«. + 2 )K + 2 ) w ; 

equal to 47^/3 times the atomic contribution to the polarizability of the 
solvent molecule, and an initial slope 

• ■ ■ <*”> 

Incidentally this curve should be a straight line over the range of con¬ 
centrations where the assumptions underlying Debye's formulae (3.x) 
and (3.2) are accurate. 

5 . Further Simplification.—We have seen that, when the experi¬ 
mental quantity (4.9) is plotted against C, the initial slope is (4.11). 
Since it is only this initial slope that is of interest, the procedure can be 
further simplified as follows. 

If instead of (4.9), we plotted 

... _ . . . (5I) 

against C we should, of course, obtain a different curve, but the initial 
height would be unchanged and the initial slope almost unaffected * because 
< and n 2 are at least roughly linear in C while e — n 2 is roughly proportional 


nN f ' 1 ^ \ 

3 r" y “ + 3 kTy 


We are thus led to the following strikingly simple procedure. We 
plot the experimental quantity e — n 2 against C obtaining a curve having 
an initial height * 0 — wj and an initial slope, 

(c, + 2)(«; + 2) 4»rNf , (I* ) 

--- TV'~ v ° + Wt}- ■ ■ (5l2) 

6 . Values of c 0 and »§.—Whether we use the procedure just de¬ 
scribed or the usual procedure or any other procedure, the question 

* Note added in Proof. —As a result ol comments made to me privately by 
Dr. J. W. Smith, to whom I am most grateful, I realize that this statement calls 
for amplification as follows. When we plot (5.1), instead of (4.9), against C 
the initial slope becomes 

___L_ /<>« / T «o - < \ € 0 ~n* o \} 

(*o 4 * 2)(«5 4- 2) UC \ e 0 4 -2) DC V 1 «g + 2/j* 

Thus the procedure described in the text implies neglecting the terms containing 
Uo — w o)/(«o + 2) and (e 0 — 4-2). Of these the former is for polar 

solutes overwhelmingly more important than the latter. Typical values of 
the neglected factor are : 

Benzene : < = a^ 7 2 7 - 2 ; 2 5 « ° = 0 . 0Q 

, 0 + 2 4-2727 

Jo - ”0 a-2277 - 2-156 5 = o o 

e 0 + 2 " 4‘ 22 77 7 


Carbon tetrachloride : 
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arises whether it is better to assign to c 0 and vt\ directly measured values 
or values obtained by smooth extrapolation of measured values of c 
and w 2 . 

This question can be controversial, but the following comments seem 
appropriate :— 

(a) The wider the range of concentrations covered by the experi¬ 
mental data, the stronger the case for using extrapolated values of c 0 
and wj. Conversely if the experimental data cover only a short range 
of concentrations, then the measured values of and n\ are safer than 
extrapolated values. 

(b) If the experimental data are good, the choice between the two 
alternatives will make little difference to the value obtained for /*. 

(c) This question is not directly related to our theme, namely, the 
comparison between the new procedure and the usual one for calculating /*. 

(d) In the numerical examples in § 8, I shall use the same values of 
co and n\ as were used by the experimenters in their calculations by the 
usual procedure. Any other choice would introduce a personal element 
which I prefer to avoid. 

7 . Atomic Polarizability.—111 § 5 we saw that when c — n a is 
plotted against C the initial slope is equal to the expression (5.2). We 
thus obtain an unambiguous value for 

- y. - v'a + .... (7.1) 

without having made any physical assumptions or approximations 
beyond those inherent in Debye’s formulae (3.1) and (3.2). It is to be 
recalled that y' is also defined unambiguously in terms of experimental 
quantities. Hence p would be completely determined were it not for 
uncertainty of the value of y a . 

We are thus left with the question what to do about y a . Before con¬ 
sidering the best possible answer, I would point out that this question 
is equally present whether the usual method of calculating n is used or 
that recommended here. In fact every procedure contains an assumption 
cither explicit or implicit concerning y 0 . 

For non-polar substances by definition /x is zero and so experiment 
determines y a and y e . It is found 3 that y a is nearly always less than 
one-tenth of y e , often about one-twentieth and sometimes less. For 
polar molecules quantitative information concerning y a is scanty, but 
there is no reason to suppose that it is greater in polar molecules than 
in similar non-polar ones. For polar solute molecules, at least those 
having ^ greater than one debyc, y, is itself usually small compared with 
P*/$kT and so a fortiori y a is likely to be small compared with y}/^kT. 
Hence an accurate estimate of y a is not needed. 

Under these circumstances the most sensible thing to do is to make 
the simplest assumption concerning y a , provided the assumption is 
reasonable and consistent with the scanty available experimental data. 
An assumption which will usually, if not always, fulfil these requirements is 

Ya = yd.(7.2) 

This assumption implies that in general y 0 is greater for big molecules 
than small ones ; there is some experimental evidence 8 for this. 

I accordingly recommend the use of (7.2) in the absence ol better 
information concerning y 0 . But if anyone thinks he has a better estimate 
of y a , such as a specified fraction of y et let him use this estimate in (7.1). 

If we accept the approximation (7.2), then the procedure recommended 
reduces to the following : plot e — n 2 against C and the initial slope is 

(«. + 2)(»; + 2) 3 *n /** 

3 3 3*r • 

3 See Sugden, 1 'rans. Faraday Soc., 1934, 3 °» 739- 

26 * 


• ( 7 - 3 ) 
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in which every quantity apart from p is known. Compared with this 
the usual method of calculation appears unnecessarily, nay ridiculously, 
complicated. 

8. Experimental Examples. —There is necessarily some arbitrari¬ 
ness in the selection of experimental data by which to illustrate the 
recommended method of calculation. The choice is, however, consider¬ 
ably restricted by the fact that we require accurate values of e and n a 
for each mixture. 

Most experimenters do not publish values of n 2 . Many do not even 
measure n a , but assume that the mixing rule associated with the names 
Lorenz and Lorentz is valid over the whole range of compositions from 
pure solvent to pure solute. Experimenters seem to believe that this 
rule is supported by theory ; theorists that it is supported by experiment. 
Neither belief has any secure foundation. Both theory and experiment 
indicate that the rule is but a rough approximation. It is certainly no 
more reliable than the rule of additivity for molar volumes, which, 
curiously enough, is usually not assumed. In short, for the procedure 
recommended we require accurate values of c and n 2 , but, as we shall see, 
only rough values of the density. 


TABLE I.—Dichloronaphthalenes in Benzene at 25 0 C 


10** 


d 

io a C 


j 

! g. cm .- 8 

mole cm .- 3 


H 3 j 

1 


e — 


I A/16 3 C 

cm . 3 molt * -1 


1 : 5-Dichloronaphthalene 


10-398 

0-8815 

0*1156 

2-2809 

1 2-2666 

0-0143 

— 0-0004 

9-69 T 

o-88io 

0-1079 

2-2808 

2*2659 

0-0149 

-f0-0002 

5'451 

0-8777 

0-0608 

2-2766 

2-2624 

0-0142 

— 0*0005 

0 

— 

— 

2-2727 

2-2580 

0-0147 

— 


i : 8-Dichloronaphthalene 


22-350 

0-8912 

0-2468 

2*5337 

2-2704 

o *2573 

0-2426 

0-983 

18-215 

0-8879 

0-2016 

2-4803 

2-2731 

0-2132 

O-I985 

0-984 

9-633 

0-8812 

0-1072 

2-3870 

2 - 20 ()O 

0-12 10 

O-IO03 

0-992 

7.927 

0-8798 

0-0883 

2-3682 

2-2046 

0-1036 

0-0889 

1*007 

0 

— 

— 

2-2727 

2-2580 

0-0147 

— 

0-99 


2 : 7-Pichloronaphthalene 


12-554 

0-8831 

0-1394 

2-3212 

2-2671 

0-0541 

0-0394 

0-283 

11-712 

0-8825 

0-1301 

2-3192 

2-2666 

0-0526 

0-0379 

0-291 

^•653 

0-8803 

0-0963 

2-3071 

2-2645 

0-0426 

0-0279 

0-290 

5*546 

0-8779 

0-0619 

2-2948 

2-2619 

0-0329 

0 - 0 IS 2 

0-294 

0 

— 


2-2727 

2-2580 

0-0147 

— 

0-30 


1 : 4-Dichloronaphthalene 


I 3-770 

0-8841 

0-1528 

2-2879 

2*2686 

0-0193 

0-0046 

0-030 

8-659 

0*8802 

0-0964 

2-2823 

2-2650 

0-0173 

0-0026 

0-027 

6*439 

0-8785 

0-0718 

2-2797 

2-2630 

0-0167 

0-0020 

0-028 

0 



2-2727 

2-2580 

0-0147 


0-029 


Bearing these requirements in mind, I have selected for illustrative 
purposes the measurements made by Hampson and Weissberger 4 on 
the ten isomeric dichloronaphthalenes dissolved in benzene. For the 
sake of brevity details will be given for only four of these, selected as 
follows. The 1 : 5 isomer has zero electric moment, and is used rather 
to obtain evidence concerning the experimental accuracy. The 1 : 8 
isomer has been chosen as having the greatest moment, and the 1 : 4 

4 Hampson and Weissberger, /. Chem. Soc., 1936, 393, cf. Weissberger, 
Sangewald and Hampson, Trans. Faraday Soc., 1934, 30, 891. 
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isomer the smallest non-zero moment. Finally the 2 : 7 isomer has been 
included as representative of a moment considerably smaller than the 
1 : 8, but greater than the 1 : 4 isomer. 

The data are collected in Table I. In order to use c.g.s. units through¬ 
out C is measured in mole cm. -3 , so that 10 3 C is mole/ 1 . The first and 
second columns give the published values of the mole fraction x and the 
density d respectively. These were used to calculate the volume con¬ 
centrations C shown m the third column. The fourth and fifth columns 
give the published values of e and n z respectively. The sixth and seventh 
columns contain values of e — n z and of the quantity A defined by 

A ~ (c 0 - nl). . . . (8.1) 

As already mentioned I use the same values of e 0 and as the experi¬ 
menters themselves. The sixth column gives values of A/C. 

The values of A for the 1 : 5 isomer indicate that the experimental 
uncertainty is about ± 0*0004. The fact that these values of A are so 
near to zero is evidence that at least for this isomer y a — y a is negligible. 
It therefore seems most reasonable to assume that y a — y' a is also negligible 
for the other isomers. 

In order to eliminate personal judgment, the values of A/C for C ~ o 
were obtained for the 1 : 8 and 2 : 7 isomers by fitting a relation of the 
form, 

A = aC 4 * &C a , (a, b const.), . . . (8.2) 

by least squares and taking a as the required limiting value of A/C. 

In the case of the 1 : 4 isomer owing to the smaller values of A the 
relative experimental error is too great to warrant similar treatment. 
A relation of the simpler form, 

A 5= aC, (a const.) .... (8.3) 

was accordingly assumed and a was determined by least squares. 

In view of the experimental uncertainty ± 0*0004 in A revealed by 
the data on the 1 : 5 isomer, these extrapolations are as good as warranted 
by the experimental accuracy. 

It is moreover clear that nothing is gained by having a higher ac¬ 
curacy in C than in A. Consequently an accuracy of o*i % in x and m d 
is more than adequate in most cases. The customary measurements 
of d to ten times this accuracy become works of supererogation. 

The extrapolated values of A/C have been used to calculate the elec¬ 
tric moments /*. The computations are collected in Table II. The first 

TABLE 11. - Dichloronaph ru apexes i\ Benzene at 25 0 (‘ 


idUUltl 

1 . n 

1 i:7 

| 

A / 3 

io 3 C/ m ’ ' 

1*00 

0*295 

0*028 

T ; (TTi *k + l ) h 3 ■ 

K ’3 

4 «J "5 

4-8 

Q P 2 j cm 3 . (If. and W.) . 

164*8 

48-4 

4-8 

/i/debye .... 

2*82 

1-56 

0-48 


line specifies the isomer and the second shows the values of A/C extra¬ 
polated to C = o. Multiplication by 3/'(c 0 + 2 )(w® + 2) gives the 
quantity in the third line of the Table. This quantity is related to the 
electric moment p by 

/ p \ 2 __ io 36 9 kT 3 A 

Vdebye/ N 4 * (e 0 -f 2)(Vi{”+"’2) C 


( 8 . 4 ) 
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from which we see that it takes the place of the quantity usually denoted 
by o^V The fourth line of the Table gives for comparison the values 
0 P 8 published by Hampson and Weissberger. 3 We see that the calcula¬ 
tions agree within the accuracy of extrapolation. 

For the sake of completeness, values of /x are given in the last line 
of the Table. If these differ slightly (less than i %) from the values 
computed by Hampson and Weissberger, this is partly due to uncertainty 
of extrapolation and partly to the use of more recent values of the 
universal constants N and k. 

9 . Conclusion.—The example of the preceding section shows that 
we can obtain the same answer by a considerably simpler calculation 
than the usual one. To guard against the possible objection that I have 
disregarded the computation of C from x and d, I would point out that 
this computation was necessitated entirely by the form in which the data 
were published. Whatever the method by which the mixtures are made 
up, it is no more trouble to compute C than to compute x. Since, 
moreover, in the recommended method C is required to an accuracy of 
at must o-i %, there is in fact further economy of effort. 

Chemistry Department, 

Reading University. 
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Platinum electrodes were oxidized by means of an “ undulant ” current. It 
was found by chemical analysis that the product was practically pure 
Pt 0 2 . >iII a O; this was deposited in the anodic compartment (using 1 % sul¬ 
phuric acid as electrolyLe) at a rate ot 0*025 g./hr. Details of optimum con¬ 
ditions are given. 

A tentative theoretical explanation is offered which combines Ershler's 
theory of the passivity of platinum with the dispersion of the double layer 
capacity with a.c. frequency as found by Dolin and Ershler : a.c. diminishes 
the double layer capacity thereby increasing the potential drop to a value per¬ 
mitting the dissolution of the ion. 


Early observations on the behaviour of platinum anodes during 
D.c. electrolysis are not conclusive. 1 Experiments by Marie 2 and Senter 3 
indicated a gentle attack of the anode, and the production of a compound 
which the former assumed to be a peroxide. A detailed analysis of this 
product was not possible on account of the small quantity available. 
Massing and Laue 4 * assumed it to be Pt 0 3 . Alternating current electro¬ 
lysis with platinum anodes has been studied by Drechsel, 6 Gerdes/ 
Brochet and Petit, 7 Ruer 8 9 and Marsh. 3 

1 See Gmelins’ Handbuch der anorganischen Chemie, 8th ed., 68C, p. 34 

and 68H, p. 225. 2 Marie, Compt. rend., 1907, 145, 117. 

a Senter, Trans. Faraday Soc., 1907, 2, 142. 

4 Massing and Laue, Z. physih. Chem. A, 1937, , 7 ®» *• 

6 Drechsel, J. pratit . Chem., 1879, 20, 378 ; 1880, 22, 476 ; 1884, 29, 229. 

4 Gerdes, ibid., 1882, 26, 257. 

7 Brochet and Petit, Ann. Chim. Phys., 1904, (8), 3, 433. 

8 Ruer, Z. physik. Chem., 1903, 44, 81. 

9 Marsh, Proc. Roy. Soc. A, 1920, 97, 124. See also Marsh and Evans, ibid., 
1923, 102, 328. 
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Margules 10 was the first to point out that platinum electrodes are 
dissolved under the influence of a.c. superposed on d.c. (undulant current). 
Ruer 11 studied the process in greater detail; by hydrolysis of the 66 % 
sulphuric acid solution which was used as electrolyte, he obtained a 
product the analysis of which suggested the formula 

Pt( 0 H)*S 0 4 .3Pt(OH) 4 . PtO*. 

His interpretation of the process was discussed by Brochet and Petit. 12 
Stuchlik 13 obtained crystals from the electrolytic solution (sulphuric 
acid, p — 1*84), whose formula was Pt(S 0 4 ) 2 . H 2 O f as found by chemical 
analysis. Ghosh, 14 Grube and Dulk, 16 Grube and Baumeister, 18 Malquori 17 
and others, have made observations on similar processes. 

Recently Briner and Yalda 18 observed, under conditions resembling 
closely those of Ruer, the formation of a brown layer on the electrode, 
and by chemical analysis found that it contained 4* 1-4*2 % sulphur. 

Some electrochemical theories, involving the oxidation of platinum 
electrodes, suggested other lines of investigation. Early studies were 
concerned with oxygen overpotential. 1 ® The phenomena which occur 
when an electrode is changed from a region of anodic potential to that of 
cathodic potential, were first examined by Bowden, 20 who assumed in 
explanation the formation of a film of Pt() 2 on the electrode. Butler 
et al. 21 concluded, using an analogous method, that it was a layer of oxygen 
adsorbed on the surface. On the other hand, Hickjing 23 pointed out 
recently that PtO is formed during anodic polarization. 

The results quoted above lead to the conclusion that the effect of 
undulant current on platinum anodes may ofier a good means of obtaining 
more direct evidence concerning the oxidation of the electrode. It seemed 
necessary to arrive at a clear understanding of the following points : 

(i) the nature of the primary product formed by the attack of the electrode ; 

(ii) the conditions under which that attack takes place ; (iii) the possible 
theoretical interpretation of the process. 

Experimental 

Procedure. —-A circuit was used differing from the one described by Briner and 
Iloefer 23 in that the alternating current (from the town supply, 220 V, 50 c./sec.) 
was obtained from an auto-transformer, which made available a fairly wide range 
of intensities. In series with it was a lead accumulator, a regulating rheostat, 
an electrodynamic ammeter, a D.c. ammeter and the electrolytic cell. The total 
intensity i t was read on the first ammeter and the D.c. intensity i e obtained from 
the second. The electrolytic cell was similar to that of Briner and Yalda. 18 
A porous vessel separated the anodic compartment. 

Preliminary experiments were conducted under the optimum conditions 
quoted by Briner and Yalda, viz. total intensity 15 A, d.c. intensity 1 A, 
each electrode of 2 sq. cm. available surface, and an electrolyte of sulphuric 
acid 38 % by weight. 

10 Margules, Wied. Ann., 1898, 65, 629 ; 1898, 66, 540. 

11 Ruer, loc. cit., ref. 8 . See also Z. Elektrochcm ., 1903, 9, 235 ; 1905, 11, io ; 
1905, 11, 661. 

12 Brochet and Petit, loc. cit., ref. 7 . See Z. Elektrochem., 1904, 10, 909. 

13 Stuchlik, Ber., 1904, 37, 2913. 

14 Ghosh, J. Amer. Chem. Soc., 1915 , 37» 733- 

18 Grube and Dulk, Z. Elektrochem., 1918, 24, 246. 

18 Grube and Baumeister, ibid., 1924, 30, 322. 

17 Malquori, Atti della Reale Ac. A J az. Lined, 1924, 33, T02. 

18 Briner and Yalda, Helv. chirn. Acta, 1943, 26, 1S29. 

19 Gmelins, loc. at., ref. h 68B. 

20 Bowden, Proc. Roy. Soc. A, 1929, 125, 446. 

21 Butler and Armstrong, ibid., 1932, 137, 604; Armstrong, Himsworth and 

Butler, ibid., 1933, 143, 89 ; Butler and Brever, Trans. Faraday Soc., 1936, 
32, 427. 22 Hickling, ibid., 1945, 41, 333. 

23 Briner and Hoefer. Helv. chim. Acta, 1943, 26, 913. 
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The product obtained was very soluble in the anolyte, which property made 
its separation and filtration troublesome. A sintered-glass funnel to which 
the product adheres strongly was employed. 0*043 g. of the product was ob¬ 
tained in several experiments involving 24^ hr. electrolysis. Several techniques 
tried were unsuccessful in improving the separation and filtration of the product. 
Later, the experimental conditions were modified by the use of 1 % sulphuric 
acid (by weight) as anolyte and in this circumstance : (i) the product is almost 
insoluble ; * (ii) the precipitate is coarse, easier to wash and filter, and does 
not adhere to the sintered glass. However, the yield was so poor that additional 
modifications were necessary before obtaining satisfactory results. 

Optimum conditions (electrolysis No. 91) were found to be : anode 4 sq. cm. 
of available surface, d.c. intensity 1 A, total current intensity 2 A. The cell 
was submerged in an ice-water bath and the cathode had 2 sq. cm. of available 
surface. The last two factors were not critical. The yield was 0*025 g- °f the 
product per hour of electrolysis (loss of weight of the anode, 0*017 g./hr.). 


Results 

The product obtained from electrolysis with 38 % sulphuric acid as anolyte 
was investigated first. Its great solubility in water, implied by Briner and 
Yalda, was assigned to the high adsorption of sulphuric acid, thus making the 
wash liquors sufficiently acid to dissolve it. In fact, after several washings 
with cold water, dissolution is negligible. It was further washed with hot water 
until tests for the SO4 ion were negative. It was found by nephelometry that 
the sulphate concentration in the product was ca. 2 % (7 % S). The exceed¬ 
ingly high value of Briner and Yalda (4 %) was assigned to the inefficient 
washing with ethanol. The product was found to be amorphous by X-ray 
analysis. 

TABLE I 


Experimental Conditions 

Results 

Mean Values 

Formula 
(Pt — X) 

Anode'Surface 
(sq. cm.) 

3> 

£ 

0 

Q 

Total Intensity 
(A) 

V 

4> 

>4 

O 

rt 

k. 

8. 

a 

H 

Pt % 

0 % 

H,0 % 

Total 

Pt % 

f) 0/ 

h 8 o % 

O 

h 2 o 

*1 

2*6- 

2-5 

4 *5 

IO- 

20° 

7°’3 
77 *2 

12*4 

12*3 

n -3 

n *5 

100*0 

101*0 

767 

12*4 

1 !’4 

1*98 

1*62 

4 

2*5 

4*5 

60 ° 

76*0 

76*0 

12*2 

1^*2 

io*6 

1 i*i 

994 

99*3 

7 t >'3 

12*2 

io*8 

1 *95 

3-54 

4 

1 

2 

IO- 

20° 

75 '8 

12*5 

1 1*0 

99-3 

75 

12*5 

11*0 

2*01 

i *57 

>-4-0 

0*5- 

3’5 

1-4 

IO- 

20° 

70*8 

76*0 

12*5 

12*6 

io*5 

10*7 

99*8 
99'3 

7 'W 

12*5 

io*(> 

i *99 

I ’ 5 I 

4 

2- 

2*5 

3-7 

IO- 

20° 

7 (v 5 

75 -« 

12*1 

T2*2 

11*1 

IT *7 

99 7 
99*7 

76-2 

12*2 

ii*4 

, 

1*96 

1*62 


Several samples of the product were separated during electrolysis using 
1 % sulphuric acid as anolyte under different conditions of current density 
and temperature. They were washed until a negative SOj reaction in the 
wash-liquors was obtained. The crude product from the electrolysis was almost 
pure : a sample (0*520 g.) which was washed with 6 1. water and dried, weighed 
0*492 g. The samples were dried for (> hr. at 120°, and analyzed for Pt, O and 

* This remarkable difference as compared with the product first quoted 
wa.s due, once the analysis was known, to the 38 % sulphuric acid product 
being an hydrate Pt0 2 . wll 2 0 (n = 3 — 4), soluble in dilute acid. Our pro¬ 
duct would be Pt() 2 . 2H t O, which is only sparingly soluble. (See Gmelin, 
loc. cit. t 68, C 1, p. 50). 
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H a O. The method of analysis used was that of Wbhler 84 with slight modi¬ 
fications.* 5 The oxide was decomposed by heat in a current of air-free carbon 
dioxide. The water evolved was absorbed by phosphorus pentoxide and the 
volume of oxygen measured in a nitrometer. The usual device of a combustion 
tube, boat and furnace was replaced by a glass bulb, in which the oxide was 
weighed and which could be heated first with a microburner and afterwards 
with a Bunsen burner. The analyses are given in Table I. The product 
showed no structure under X-ray examination. 

Under our experimental conditions our results indicate that the product 
separating from the anode is Pt 0 2 . wH 2 0 . Temperature and current density 
have no influence upon its composition. It seems, however, that further ex¬ 
perimental work is required to establish the way in which platinum is initially 
attacked. 



Influence of the Experimental Conditions on the Yield. —In studying 
the influence of d.c. and a.c. intensities with an anode of 4 sq. cm. of available 
surface, the curves of Fig. 1 were obtained, in which the loss of weight of the 
anode is plotted as a function of total intensity for several d.c. intensities. 
Their shape agrees with the results of Ruer. 8 Extrapolation of the ascending 
branches of the curves gives the threshold values of the total intensity i t at 
which the electrode attack starts. Corresponding values of the root mean 
square intensity i a were calculated from 

«« = (>'? - »!)* 

where i e is the D.c. intensity. Threshold values of i t and i a were found to vary 
linearly with t e . By the least squares method we obtained : 

i a = (o-6 + i e ) ± o-i A. 

This is a more restrictive condition than that pointed out by Briner and Yalda. 

84 Wohler, Z. anorg . Chem., 1904, 40, 423. 

85 Raskovan and Pena, Thesis (Facultad de Ciencias Egcactas, Flsicus y Natur- 
ales, Buenos Aires, 1946). A. E. Cairo, personal communication. 
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The yield per sq. cm. of the anode depends on its surface. With the same 
current densities as quoted for electrolysis No. 91, the yields in g./hr. sq. cm., 
are 0*0009, 0*0043 and 0*0032 for anodes of 6, 4 and i*88 sq. cm. of total surface 
respectively. The dotted curve of Fig. 1 corresponds to an anode of 6 sq. cm. 
(L = i *5 A). 

With sulphuric acid 66 % in weight as anolyte, no layer was seen on the 
anode, and a loss of weight of 0*053 g./hr. was found, the other conditions being 
the same as for electrolysis No. 9T. Varying the temperature from 20 ± 5 0 
to 60 ± 3 0 , the yield decreased from 8*7 ± 0*3 mg./hr. to 6*4 F o-i mg./hr. 
for an anode of 2 sq. cm. with = 2*5 A and i t ~ 4*5 A. It was found that the 
loss of weight per hour -was, independent of the duration of the electrolysis from 
i to 6 hr.* 

Discussion 

The generally accepted interpretation of the process is that of Ruer : 28 
i.e. n.c. causes the formation of a protective layer of an insoluble 
platinum oxide on the anode. The cathodic component of the a.c. 
reduces this to a soluble lower oxide. 

This theory appears to be open to some criticism since (i) appreciable 
attack of the anode in conditions in which the product was sparingly 
soluble was observed and (ii) Ruer’s first hypothesis involves a theory of 
platinum passivity not supported by the experimental facts recently 
obtained by Ershler. 27 The latter proposes a mechanism of the in¬ 
hibitory action of oxygen on platinum dissolution in which he assumes 
that oxygen modifies the electrical field of the double layer and so in¬ 
creases the potential barrier that must be surmounted by the metal 
atoms that pass into solution. The expression given by Gurney 28 for 
the work of dissolution of a positive ion is 

A = Y — W — neV 

where A is the work of dissolution, Y is the work required to detach a 
positive core from the metal to a vacuum, W is the energy of hydration, 
V the potential of the double layer, e the charge of the electron and n 
the number of positive charges of the ion. The expression shows that 
diminution of the capacity of the double layer increases the work of dis¬ 
solution of the metal. 

Dolin and Ershler 29 found that the capacity of the platinum electrode 
diminishes rapidly with increasing a.c. frequency. With N sulphuric 
acid as electrolyte and o*i V polarizing potential, the capacity varied 
from ca. 1100 to ca. 700 F/sq. cm. as the frequency was increased from 
10 to 50 c./sec. 

The a.c. platinum depassivation described in this paper can be cor¬ 
related with Ershler’s results. The diminution of the double layer capacity 
would increase the potential drop in the double layer. Gurney's formula 
shows then that the work of dissolution of the ion diminishes. 

This hypothesis requires that increasing a.c. frequency should in¬ 
crease the platinum dissolution, and in fact, Ruer 30 observed that by 
varying the speed of the rotary transformer from 2000 to 6000 rev. /min. 
the quantity of platinum dissolved in \ hr. varied from 0*0267 g. to 0*0394 g. 
This fact has not been explained till now. This tentative explanation 
requires, however, a more detailed elucidation. 

Facultad de Ciencias Exactas, Fisicas y Naturales, 

Universidad de Buenos Aires, 

Buenos Aires, 

Argentina. 

* As a control the cathode was weighed each time. In some cases a slight 
disintegration of the cathode was observed. After electrolysis the cathode 
was often covered with platinum black which could be rubbed off. Study of 
the loss of weight of the cathode showed that (i) it increases with increasing a.c. 
density and (ii) with constant a.c. density it decreases with increasing n.c. 
density. ae Ruer, ref. u , 

27 Ershler, Compt. rend. ( Doklady ), U.R.S.S., 1942, 37, 226 ; 1942, 37, 230; 
Acta Physicochim 1944, * 9 * 139. 

28 Gurney, Ions in Solution , (Cambridge University Press, 1936), p. 83. 

29 Dolin and Ershler, Acta Physicochim 1940, 13, 747. See also Rosenthal, 

Dolin and Ershler, ibid., 1946, 21, 213. so Ruer, loc. cit ., ref. ®. 



THE KINETICS OF THE DEHYDROCHLORINATION 
OF SUBSTITUTED HYDROCARBONS 

PART IV. THE MECHANISM OF THE THERMAL 
DECOMPOSITION OF TERT .-BUTYL CHLORIDE 

By D. H. R. Barton and P. F. On yon 
Received 17th January, 1949 

teW.-Butyl chloride decomposes by a unimolecular mechanism over the 
temperature range 290-34i° C to give stoichiometrically isobutene and hydrogen 
chloride. The pertinent first-order rate equation is 

k *— i 0 i 2 . 4 i0.2 e -( 4 i, 400 ± 600 )/Rr sec.' 1 . 

Reproducible results are only obtained when the reactor walls are coated with 
a carbonaceous film. With clean walled reactors a faster heterogeneous reaction 
supersedes the homogeneous decomposition. A general discussion distinguishes 
two homogeneous mechanisms for thermal dehydrochlorination and relates 
them to molecular structure. 


In Parts II and III of this series 1 the mechanisms of thermal de¬ 
hydrochlorination of ethyl chloride, 1 : i-dichlorethane and 1 : 2-dichlor- 
ethane were established by kinetic measurements. In continuation of 
this work we have now studied the thermal decomposition of tert. -butyl 
chloride. This reaction had already been examined from a similar point 
of view by Brearlcy, Kistiakowsky and Stauffer 2 * who showed that 
it was homogeneous and exhibited first-order kinetics. Although it 
was concluded that the mechanism of the reaction was probably uni¬ 
molecular, this was not in fact established, for no tests for a radical chain 
mechanism were applied. 

The effect of quartz or glass in promoting the heterogeneous decom¬ 
position of organic compounds is well known. In many cases this hetero¬ 
geneous reaction is replaced by a slower and homogeneous first-order 
process as the reactor walls become coated with a carbonaceous film. 8 
We have noted similar effects with the chlorinated hydrocarbons so far 
employed in this series. Since it is usually only assumed, without proof, 
that the initial faster reactions are of a heterogeneous nature it seemed 
desirable to establish this point conclusively for 011c compound in our 
series. This we have now done for tert.- butyl chloride. 

Experimental 

Materials.— Technical, tert .-butyl chloride was purified by the method 
used previously for other chlorinated hydrocarbons. 1 The following constants 
were recorded and are compared with the mean of the best literature values 
(in parentheses). 

B.p. 50*6° C corr. (50*7° corr.) ; from : 51*0° ; 4 50*7° ; 5 50*7° ; 6 5o*6 0 . 7 

1 Barton and Howlett, J. Chem. Soc., 1949, 155, 165. 

8 Brearley, Kistiakowsky and Stauffer, J. Amer. Chem. Soc., 1936, 58, 43. 

8 E.g. see Ramsperger and Leormakers, ibid., 1931* 53 t 2067; Schultz and 
Kistiakowsky, ibid., 1934, 395 ; Choppin, et al., ibid., 1939, 61, 3176. 

4 Timmermans, Bull. Soc. chim . Belg., 1921, 30, 66. 

6 Norris and Rigby, J. Amer. Chem. Soc., 1932, 54, 2088. 

4 Timmermans, and Delcourt, J. Chim. Phys., 1934, 3 L 85. 

7 Baker and Smyth, J. Amer. Chem. Soc., 1939, 61, 2798. 
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M.p. (sulphur dioxide vapour pressure thermometer), — 27*85° C ( — 26*4°) ; 
from: —28*5°; 4 — 27*1° ; 8 — 25*4 ; 8 — 24*6°. 7 

^4? 0*8375 (0*8401 interpolated) ; from 0*8457; 10 0*8370 ; 8 

0*8347 I 11 0*8376. 18 

nf 1*3835 (1*3837 interpolated); from: «^>° x . 3 828; 1 n^°° 1*3839; 18 

1*3847 ; 7 x -3853 14 

Apparatus.—The apparatus and technique employed have already been 
described in detail by Barton and Howlett. 1 Modifications were not found 
necessary in the present work. 


Results 

Brearley, Kistiakowsky and Stauffer 8 experienced difficulty in attaining 
reproducible results in their study of the tert .-butyl chloride decomposition and 
ascribed this to interference by a heterogeneous reaction at the reactor walls. 
We have confirmed this difficulty. Our initial experiments were carried out in 
a Pyrex glass reactor which had been coated by the thermal decomposition 
of 1 : 1 : 1 : 2-tetrachlorethane vapour, but which had subsequently been ex* 
posed to air at room temperature. In this reactor about 20 runs were required 
before reproducibility of results was attained. Accidental breakage of the 
spoon gauge and admission of air at the reaction temperature destroyed the 
effectiveness of the coating. Recoating of the walls was assisted by co-decom¬ 
position of tert.-butyl chloride with small quantities (ca. 10 %) of propylene, 
but even with this aid about 40 runs were required before the reproducibility 
of rate constants could be regained. 

Stoichiometry. —That the reaction studied was the quantitative decom¬ 
position of tert .-butyl chloride to isobutene and hydrogen chloride was established 
in two ways. Firstly the final pressure in the reactor after many hours w-as 
close to tu'iee the initial pressure (Table I). This also showed that the equilibrium 

TABLE I 


Temp. 

°Iv 


577*5 


586*8 

585*7 

587*4 

587*6 

604*5 

598*2 

596*1 

598*0 

597 *° 

597*2 

579*6 

57**8 

563*7 

561*4 


Initial Pressure 

Po (nun.) 

Time of 
Reaction (hr.) 

Final Pressure 

Pf (mm.) 

PflPo 

1057 

13 

212*5 

2*01 

120*2 

14 

243*7 

2*03 

167-5 

22 

330*0 

i *97 

119*3 

13 

237-6 

1*99 

97*4 

15 

199*1 

2*04 

127*3 

17 

257*7 

2*02 

133*0 

18 

261*0 

1*96 

114*4 

17 

228*1 

1*99 

122*6 

17 

244*9 

2*00 

96*6 

16 

191*0 

1*99 

92*1 

60 

176-7 

1*92 

116-5 

17 

235-2 

2*02 

105-6 

15 

216*1 

2*05 

116-4 

15 

230*0 

1*98 

108-3 

l6 

216*3 

2*00 


in the tert. -butyl chloride—isobutene-HCl system was substantially 100 % on 
the side of the dissociation products over the temperature range employed. 
Ihis can, indeed, be calculated from the equilibrium constants recorded by 
Kistiakowsky and Stauffer 13 for this system. Secondly, the amount of hydrogen 
chloride formed by the decomposition was given closely by the pressure increase. 

8 Timmermans, Bull. Soc. chim. Belg., 1935, 44, 17. 

8 Turkevich and Smyth, J. Amcr. Chem. Soc., 1940, 62, 2468. 

10 \'Ogel, J. Chem. Soc., 1943, 636. 

n Quayle, Owen and Beavers, J. Amer. Chem. Soc., 1939, 61, 3107. 

Vi Smyth and Dornle, ibid., 1931, 53, 545. 

13 Kistiakowsky and Stauffer, ibid., 1937, 59, 165. 

14 Mayo and Dolnick, ibid., 1944, 66, 985. 



D. H. R. BARTON AND P. F. ONYON 727 

This is shown by the data illustrated in Fig. i, where the line is drawn at the 
theoretical slope of 45°. Measurements of the pressure increase with time 
constitute, therefore, a satisfactory method of following the kinetics of the 
reaction. 




Kinetics. —In agreement with 13rearley, Kistiakowsky and Stauffer, 8 the 
decomposition followed first-order kinetics. When reproducibility of results had 
been attained the reaction was first-order to at least 80 % decomposition, 
as illustrated by the typical runs plotted in Fig. 2, but for runs before this the 
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first-order rate tended to fall off at rather lower percentage decompositions. 
Even at the lowest temperatures studied there was no indication of any in¬ 
duction period, such as was found to be a characteristic feature of the i : 2- 
dichlorethane decomposition. 

As with the chlorinated ethanes examined previously 1 the velocity constants 
of the tert .-butyl chloride decomposition showed no significant variation with 
initial pressure over the pressure range 40-240 mm. This is illustrated by the 
data in Table II, obtained at 614° K. The correlation coefficient 16 

_ Z(x - *) ( y - y) 

VE(x — f)* X £(y ~ y) 2 

for the results in this Table was found to be — 0*22. The probability of such 
a value being obtained by chance from 22 expt. is greater than o-io and it may, 
therefore, be concluded that there is no significant correlation. 

TABLE II 


Po (mm.) 

k x 10 3 (see. - q 

Po (min.) 

ft X io 3 (sec. 

50-2 

4*72 

123-7 

4*70 

52-9 

4*24 

126*7 

4*95 

69*6 

5*oi 

130*8 

4*^5 

709 

4*75 

135*7 

4 -6 5 

82-2 

4*6x 

* 43*8 

4*47 

96-5 

4-78 

143*9 

4*54 

100*9 

4 ' 3 ° 

149*1 

4*68 

103*0 

4-70 

154*9 

4-46 

1044 

4-56 

178*1 

4*62 

112*9 

4-40 

194*1 

4-46 

H 9-5 

4-67 

202*7 

4-30 


For each set of runs over the temperature range 563-614 K the reproduci¬ 
bility of first-order rate constants was satisfactory. This is shown in the summar¬ 
ized data set out in Table III. At no temperature did the standard deviation 
of the mean exceed 1*6 % of the mean value. 

TABLE III 


Temp. (°K) 

No. of I<uns 

Mean Velocity Constant 
(sec.- A ) 

°/ 0 Standard Devia¬ 
tion of the Mean * 

563-0 

5 

0*22 X IO 3 

1*2 

571*0 

7 

0*37 

i*4 

579-5 

8 

o*6i 

i*i 

587-0 

22 

o *94 

1*0 

596-5 

9 

1*70 

**3 

604*0 

10 

2*64 

i *3 

607*5 

8 

3*28 

1*6 

6l4*0 

24 

4 * 5 b 

1*2 


* Given by 100 / / x where the symbols have the obvious significance. 

A/ n[n —■ 1) / 


The logarithm of the mean rate constant plotted against the reciprocal of 
the absolute temperature gave a good straight line (Fig. 3). This line has been 
diawn by the least squares method giving the proper statistical weight to each 
point. The corresponding rate equation was found to be 

k - io 12 - 4 L 0.2 e - ( 41,400 ± 600 )/« 7 ’ sec - i 

The error limits in this equation were fixed as follows. It was assumed that 
all the error resided in the log 10 k values and none in the temperature measure- 
nents. The root mean square of the deviations of the logarithms of the mean 

16 See Fisher, Statistical Methods for Research Workers (Oliver and Boyd, 
1934 )- 
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velocity constants from the least squares line (viz. 0*009) was then applied 
positively and negatively to the two ends of the least squares line at the extreme 
temperatures of the experimental range to give the error limits shown. Al¬ 
though this procedure may err in ascribing too high a degree of precision to our 



to 3 T K. 

Fig. 3. 

measurements, we intend to adopt it as a convenient method for comparing the 
agreement of our results from paper to paper and have, therefore, described it 
in detail on this occasion. 

Effect of Propylene. —In previous parts of this series 1 and elsewhere 18 
we have shown that propylene constitutes a powerful inhibitor for the decom¬ 
positions of chlorinated hydrocarbons which proceed by a chain mechanism. 
The effect of adding propylene to decomposing tert. -butyl chloride was there¬ 
fore studied. As with ethyl chloride and 1 : i-dichlorethane, propylene had no 
influence on the rate of decomposition. This is illustrated in Fig. 4 where the 
tert .-butyl chloride initial pressures varied from 76 to 206 mm. 

Tx\BLE IV * 


Pressure of Cl 2 > too 
Initial Pressure of 
(CH 3 ) 3 . CC1 


Observed Fust 
Order Velocity 
( oils taut k 

(sec.-*) 


k from Rate 
Equation 
(sec.-q 


0-82 

0*21 

8-o 

0*70 

1*66 


0*195 X 10 ~ 3 
0*205 

Non-linear 

0*22 

0*23 


>0*205 X io~ 3 


* All experiments at 562*2° K. 

Effects of Chlorine and Oxygen.—Small amounts of chlorine and oxygen 
are powerful inducing agents for the decomposition* of 1 : 2-dichlorethane.* 1 
As the data summarized in Tables IV and V, which refer to chlorine and oxygen 




730 DEHYDROCHLORINATION OF HYDROCARBONS 


respectively, show, these two elements have no significant effect on the course 
of the terf.-butyl chloride decomposition. For both addenda the kinetics were 
satisfactorily first order for less than 2 % additions. 


6 /4*0 °/r. 



soda glass wool and having a very large surface area to volume ratio. The 
reactors were constructed from tubing that had been well washed with dis¬ 
tilled water and before use each was evacuated at 200° under o-i mm. pressure 
for 16 hr. 

The first runs in both series A and B showed zero-order kinetics. The runs 
immediately following proceeded at much faster rates but the apparent order 
of the reaction increased, in series B to predominantly first order, and in series 
A to an order varying between first and second. For comparison the results 
of series A, with the exception of the first zero-order run, have been expressed 
as first-order rate constants, calculated from the initial stages (first 25 %) of 
each experiment, where the deviation from first-order kinetics was not large. 
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The first eight runs all performed within the same day, for the two sets of experi¬ 
ments, are compared in Table VI. The series B in the packed reactor proceeded 
at 2-3 times the rate of the series A in the empty reactor. In both series the 
rate was considerably higher with the clean walled reactors than for the homo¬ 
geneous reaction (calculated first-order velocity constant k = 1-44 x io~* sec.' 1 
at 496° K from the rate equation given above) in the coated reactor. 

TABLE VI 


Series A 

Series B 

Temp. 

°K 

' 

Initial 
Picssure of 
(C-H 3 ), . CC 1 
(mm.) 

V'i 

Fiist-order 
Velocity Constant 
(sec.- J ) 

Temp. ! 

° K i 

_ . 1 

Initial 
Pressure of 
j (0113)3 • ca 
j (mm.) 

V'i 

First-order 
Velocity Constant 
(sec.- 1 ) 

497*1 

27*9 

2*0 

_ 

495 * 8 

31*0 1 

i'O 

... 

496*2 

70*0 

2-54 

o-88xio“ 3 

495 '8 

76*1 

4-38 

2*77 X 10 3 

497-1 

68*7 

2-93 

1 *08 

495-8 

75*9 

2*52 

2*92 

496-7 

146*5 

— 

1*03 

495 « 

160*3 

2*50 

2*99 

496'9 

116*6 

— 

i* 19 

495-8 

119*6 

2*43 

2*97 

496*3 

78*8 

3‘°9 

1*40 

495-4 

81*4 

2*38 

2*87 

497‘4 

4»-4 

3*26 

1*45 

495-9 

55*8 

2*54 

2*72 

498*1 

33’5 

3*24 ! 

*145 

495-9 

1 

32*6 

2-48 

2*79 


Whereas similar experiments with ethyl bromide showed ltt a rapid ageing 
of the glass surface this effect is very slow with chlorinated hydrocarbons as 
we have noted previously for i : 2-dichlorethane. 1 In series A the next 14 
runs, made within 24 hr., although showing bad reproducibility from run to run, 
gave little indication of any overall downward trend in velocity constants. 



These results arc summarized for various temperatures in Fig. 5, from which 
it may be deduced that the process studied had the low activation energy of 
roughly 15,000 ± 6,000 cal. 

Experiments to determine the effect of oxygen on the surface were made 
with the reactor used for series A. Immediately after the reaction products 
of a normal run had been pumped out of the reactor, a known pressure of oxygen 

16 Daniels and Veltman. /. Chem. Physics , 1939, 7, 756. 
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was admitted, allowed to remain in the reactor for 15 min., then pumped out 
and the test run started at once. The results, summarized in Table VII, show 

TABLE VII 


Pressure of Oxygen used for 
Pre-treatment (mm.) 

All experiments at 510° K 

First Order Velocity Constant 

Control Run (sec.- 1 ) 

Test Run (sec.- 1 ) 

8-0 

3-21 X IO -3 

576 x 10- 3 

. 5*9 

2*94 

6*o8 

o*6 

3*6o 

471 

07 

(admitted with the 
tert .-butyl chloride) 

3*3i 

3*35 


that this pre-treatment with oxygen caused a marked increase in the velocity 
of heterogeneous decomposition. However, similar pressures of oxygen admitted 
with the tcrt .-butyl chloride at the beginning of a run did not increase the rate 
significantly (Table VII). 

The initial runs at 490" K in series C were extremely fast, the terf.-butvl 
chloride decomposing as rapidly as it was admitted to the reactor. This was 
shown by allowing the pressure in the system to become steady (about 1 min.) 
condensing out the reaction products and titrating for hydrogen chloride. The 
pressure of the latter, calculated from the analysis, corresponded to half the 
final pressure in the system (Table VIII). Two runs were made at about 
4 to' K, the lowest temperature attainable using mercury as thermostatic liquid. 
Even at this temperature the rate was so high that the initial pressure /> 0 had 
to be calculated from the time-pressure curve. This was done by adapting 
Guggenheim’s method, 17 or in the following way. If p 0 is the true initial 
pressure, p x the first observed pressure at time t 0 , p n the pressure at time t n . t 
and A a , — t Q , then it is easily shown that, for a first-order reaction, 

Pn- e = e • 2p„ — ( 2 £o - />,)/e*. 

Thus by plotting p n . e A(|n_1) against e <W< " -1 ’ the slope of the straight line 
gives 2 p 0 . An average rate constant of 11*7 X io~ 3 see. -1 was observed 
under these conditions. 


TABLE VIII 


Final Pressure pf 

Pfl 2 

HC 1 by Analy ,i$ 

(mm.) 

(mm.) 

(mm.) 

132-0 | 

66-3 

69*3 

215-2 1 

1 

107*6 

104*0 


Discussion 

The decomposition of tert .-butyl chloride corresponds by all experi¬ 
mental criteria with the similar reactions of ethyl chloride and of 1:1- 
dichlorethane. 1 Thus it is not inhibited by propylene, shows no induction 
period and from the experiments of Brearley, Kistiakowsky and Stauffer a 
is homogeneous. Furthermore its rate equation has a normal non¬ 
exponential term of io 12 * 4 sec. -1 and the reaction is not induced by chlorine 
or oxygen. By the arguments given previously 1 it must, therefore, be a 
unimolecular decomposition. 

17 Guggenheim, Phil. Mag., 1926 [7], 2, 538. 
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Our rate equation for the reaction, 

k = io 12,4 ± 0,2 e ■ (41,400 ± 600)/Rr sec. -1 

is in fair agreement with that found previously, 

k = lO^-O ±0.7 e - (45,000 ± 1,900 )JRT seCt “ l, 

by Kistiakowsky. 2 * 13 We consider that our result is the more reliable 
for the following reasons. Firstly, the error limits given by Kistiakowsky, 
indicated by the dotted lines in Fig. 3, are larger than those given here, 
though, of course, the method of calculation may be different. Secondly, 
Kistiakowsky's rate equation is based on 25 observations of which 15 
were obtained over a y° temperature range, whereas the results in this 
paper cover 03 observations spread over the whole temperature range 
studied. 

We have shown above that the initial fast decomposition of tert. -butyl 
chloride in clean walled reactors is heterogeneous in origin and that the 
rates of reaction only approach complete reproducibility after many 
runs when the reactor walls have been uniformly coated. At the same 
temperatures as Kistiakowsky 2 - 13 employed we have been able to obtain 
velocity constants identical with his, but on repeating the runs many 
times the constants have always fallen eventually to the values we give 
above. 

General Mechanisms of Dehydrochlorination (with K. E. Howlett). 
—We have now reached a stage in our investigations where it is convenient 
to summarize our views on the three general mechanisms of dehydro¬ 
chlorination which we have established. The three mechanisms are 
(i) heterogeneous decomposition on glass surfaces as exemplified by our 
study on tert. -butyl chloride reported here and which is obviously of 
general application, (ii) homogeneous first-order unimolecular decom¬ 
position as exemplified by ethyl chloride, 1 1 : 1-dichlorethane, 1 tert.- butyl 
chloride and isopropyl chloride 18 and (iii) homogeneous first-order de¬ 
composition by radical chains as exemplified by 1 : 2-dichlorethane 1 
and 1 : 1 : 1 : 2- and 1:1:2: 2-tetrachlorethanes. 18 It is now possible 
to predict which of the two homogeneous mechanisms (ii) and (iii) will 
be applicable to a particular chloro-compound from an inspection of its 
molecular structure. The correlation proceeds as detailed below. 

A chloro-compound will decompose by a radical chain mechanism 
only so long as neither the compound itself nor the reaction products 
are inhibitors for the chains. In general the unimolecular mechanism 
will l>e of more universal application than the radical chain mechanism. 
The latter may be characterized by four steps comparable to those already 
shown to apply for the x : 2-dichlorethane decomposition. 

(а) Initiating step or steps which are kinetically of the first-order 
and which lead to the production of chlorine atoms. 

(б) First propagation step involving an attack of a chlorine atom 
on the substrate with abstraction of hydrogen and the formation of a 
“ large ” chlorine-containing radical. 

(c) Decomposition of the “ large ” radical to give the olefine or chloro- 
olefine and a further chlorine atom which can participate again in step (6). 

(d) Terminating step comprising the attack of a chlorine atom on 
the “ large ” radical to give non-radical products. 

Steps ( b ) and (c) explain the stoichiometry of the reactions, step (d) 
the observed first-order kinetics. Inhibitors may suppress the reaction 
by interference in steps (6) and (c). 

Now when ethyl chloride is attacked by chlorine atoms it affords not 
the 2-chlorethyl radical (I) but the i-chlorethyl radical (II). This is 


18 To be published. 
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demonstrated by the formation of i : i-dichlorethane by radical chlorin¬ 
ation of ethyl chloride in the gas phase. 19 * Similarly radical chlorination 
of i : i-dichlorethane gives predominantly i : i : i-trichlorethane as the 
trichloro-fraction. 19 This shows that the i : i-dichlorethyl radical (III) 
must be formed as intermediate rather than the 2 : 2-dichlorethyl radical 
(IV). An analogous attack of chlorine atoms on 1 : 2-dichlorethane must, 
for structural reasons, furnish the 1 : 2-dichlorethyl radical (V). 

. CH, . CH a Cl . CHC 1 . CH 8 . CCljCHj 
(I) (II) (III) 

. CH, . CHC 1 , . CHC 1 . CH.Cl 
(IV) (V) 

Whereas the latter radical may furnish a chlorine atom and a stable olefine 
by fission of a single valency bond, radicals (II) and (III) can only give 
these reaction products provided the migration of a hydrogen atom 
accompanies the process. It is possible to understand, therefore, why 
ethyl chloride and 1 : i-dichlorethane may act as inhibitors for their own 
radical chain decompositions. Similarly it is easily understood why 
the molecular structures of the two tetrachlorethanes permit them to 
decompose by the radical chain mechanism. 


TABLE IX 


Chloro compound 

Predicted Homogeneous First-order Mechanism 

Unimolecular 

Radical Chain 

Ethyl chloride 

X (already observed) 


1 : i-Dichloretliane . 

X (already observed) 


I : 2-Diclilorethane . 


X (already observed) 

1:1: i-Trichlorethane 


X 

1:1: 2-Trichlorethane 


X 

1 : 1 : 1 : 2-Tetrachlorethane 


X (already observed) 

1:1:2: 2-Tetrachlorethane 


X (already observed) 

Pentachlorethane 


X 

1-Chloropropane 

X 


2-Chloropropane 

X (already observed) 


1 : 2-Dichloropropane 

X 


1:2: 3-Trichloropropane . 


X 

w-Butyl chloride 

X 


ter/.-Butyl chloride . 

x (already observed) 


2 : 2'-Dichlorethyl ether • . 


Possibly 

jS-Chloroethylbenzene 


Possibly 

a-Chlorethylbenzene. 

X 



1 


tert .-Butyl chloride is an example of a molecule which should not, 
itself, be an inhibitor for the radical mechanism but its decomposition 
product, isobutene, should possess this power. isoPropyl chloride would 
be expected to exhibit both types of inhibition. 

Table IX summarizes prediction and observation, so far as experiment 
has progressed in this field. We intend to examine the decomposition 

* It is an unexplained observation that attack by chlorine atoms on an 
alkyl chloride in solution 20 leads to substitution at a position remote from the 
chlorine atom originally present. In the gas phase exactly the opposite occurs. 19 

10 Vaughan and Rust, J. Org. Chem., 1940, 5, 449. 

*° Kharasch and Brown, J. Amer. Chem. Soc., 1939, 61, 2142; compare 
Taft and Stratton, Ind. Eng. Chem., 1948, 40, 1485. 
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characteristics of the various chloro compounds which we have not so 
far studied in order to test the validity of our suggestions. 

It is attractive to speculate that only substances which can decompose 
by the radical chain mechanism can have their decomposition induced 
by oxygen or chlorine . 21 In the majority of the cases so far studied, such 
would appear to be the case. 
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THE USE OF ACETALDEHYDE FOR 
THE DETECTION OF CHAIN REACTIONS 


By K. E. Howlett and D. H. R. Barton 
Received, lyth January, 1949 

Small amounts of acetaldehyde inhibit the decomposition of 1 : 2-dichlor- 
ethane but not that of ethyl chloride or of 1 ; i-dichlorethane. Hydrogen chlor¬ 
ide induces the decomposition of acetaldehyde at 457 0 C. Relative to their 
own rates of decomposition ethyl chloride and 1 : i-dichlorethane are ineffec¬ 
tive as compared with 1 : 2-dichlorethane in catalyzing the decomposition of 
acetaldehyde at 457 0 C. 


The mechanism of the thermal decomposition of acetaldehyde has 
been the subject of many investigations. 1 Although there have been 
conflicting views as to whether the reaction, in the absence of catalysts 
and inhibitors, is of the chain type or is molecular in character, it is gener¬ 
ally agreed that the decomposition may be induced by the presence of 
substances which decompose to give free radicals. 8 The increase in rate 
of the acetaldehyde decomposition under these conditions can therefore 
be used as a test for free radicals. An example which is particularly 
relevant to this paper is the use of the method by Roof and Daniels 3 in 
their study of the pyrolysis of ethyl bromide. 

Elsewhere 4 we have shown that while 1 : 2-dichlorethane undergoes 
thermal decomposition by a chain mechanism, the isomeric 1 : i-compound, 
and also ethyl chloride, decompose by the unimolecular mechanism. It 
seemed worthwhile to us to apply the test of free radicals, provided by 
the acetaldehyde pyrolysis, to these three substances. 

1 Steacie, Atomic and Free Radical Reactions (A.C.S., Monograph, 1946). 

2 Sickman and Allen, J. Amer. Chem. Soc., 1934, 5b, 1251 ; Allen and Sickman, 
ibid., 1934, 5b, 2031 ; Fletcher, ibid., 193b, 58, 534 ; Fletcher and Rollefson, 
ibid., 1936, 58, 2129, 2135 ; Travers and Silcocks, Nature, 1937, >39, 1018 ; 
Rice and Walters, J. Amer. Chem. Soc., 1941, 63, 1701 ; Wang and Winkler, 
Can. J. Res. B , 1943, 21, 97. 

3 J. Amer. Chem. Soc., 1940, 62, 2912 ; 1944, bb, 358. 

4 Barton, and Howlett, J. Chem. Soc., 1949, 155, 165, 
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DETECTION OF CHAIN REACTIONS 


Experimental 

Materials.—Ethyl chloride and the i : i- and i : 2-dichlorethanes were 
purified as described previously. 4 Acetaldehyde was prepared by depolymer¬ 
ization of paraldehyde and purified by distillation. It was stored over hydro- 
quinone 5 before use. Otherwise no special precautions were taken to ensure 
its purity. 

Apparatus.—Measurements were made in an all-glass apparatus of the 
type described previously. 4 Reaction rates were obtained from pressure measure¬ 
ments, the pressure increases being followed by the use of a spoon gauge. 
All measurements were made at 457 0 C. All experiments were carried out 
in reactors whose walls had been coated 4 with decomposition products from 
1 : 2-dichlorethane. 

Results 

In view of the uncertainty with regard to the order of the acetaldehyde 
decomposition all results have been expressed in terms of the initial rate of 
increase of pressure based on 100 mm. of acetaldehyde. Although acetaldehyde 
pressures remote from this figure were not used the results have been corrected, 
where indicated, to the 100 mm. basis by assuming the decomposition to be of 
the 3/2 order. In this procedure we follow the example of Morris. 6 Induction 
periods were not observed in any of the reactions where the acetaldehyde was 
in large excess. 

Decomposition of Acetaldehyde Alone.—The mean initial rate of de¬ 
composition of 100 mm. of acetaldehyde was 0-65 mm. min.~ A (Table I). Inter¬ 
polation of the data of Morris 6 gives 0*62 mm. min. 1 for untreated acetalde¬ 
hyde and extrapolation 0*32 mm. min.~ l for acetaldehyde treated with hydro- 
quinone. The latter extrapolation is, however, not very reliable since it rests 
on data at only two temperatures giving the low activation energy of 43-5 keal. 

TABLE I 


Initial Pressure of 

CH a . CHO (/> 0 (CH 3 CHO)) 
(nun.) 

Initial Rate Corr. to 
p 0 { CH 3 CHO) =« 100 mm. 
(mm. min.“ l ) 


o*68 

123*5 

o- 5 « 

101*0 

0*67 

107-0 

o*68 

92*0 

o*6i 

100*0 

0*65 


Decomposition of the Chlorinated Hydrocarbons in Presence of Small 
Amounts of Acetaldehyde.—As shown previously 4 radical chain inhibitors, 
like propylene, have no effect on the rates of thermal decomposition of ethyl 
chloride and 1 : i-dichlorethane. Similarly it has now been found that small 
amounts of acetaldehyde (Tabic II) do not inhibit the pyrolysis of these two 


TABLE II 


Chlorinated Hydrocarbons 

Initial Pressures 

j First-order Vel. Constants k 

Chlorinated 
Hydrocarbons 
(mm.) 

I CH S . CHO 
(mm.) 

k found 
(sec. - 1 ) 

k from Rate eqn.** 
(sec.- 1 ) 

Ethyl chloride. 

IOO 

O 

24*7 X IO~ 6 

26*3 X io ~ 6 


IOO 

8*o 

25*0 

— 

1 : i-Dichlorethane . 

100 

5*5 

220 

186 

1 : 2-Dichlorethane . 

IOO 

0 

57 

56*2 


IOO 

4*5 

54 

5 *o 


6 Morris, /. Amer. Chem. Soc., 1941, 63, 2535 ; 1944, 66 , 584. 
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compounds. On the other hand a small amount of the aldehyde (Table II) 
strongly inhibits the decomposition of i : 2-dichlorethane and reduces the rate 
to the maximally inhibited value found previously 4 for propylene inhibition 
(k 5*o x io~ 5 sec. ' 1 ). In all cases when only small amounts of acetaldehyde 
were present the decompositions of the chlorinated hydrocarbons followed first- 
order kinetics, as found previously with propylene. 4 These experiments provide 
further confirmation for the difference in mechanism between the decompositions 
of i : 2-dichlorethane and ethyl chloride and i : i-dichlorethane. 

Effects of Ethylene, Vinyl Chloride and Hydrogen Chloride on the Rate 
of Decomposition of Acetaldehyde.—In agreement with Smith 8 small amounts 
of ethylene (Table III) had no effect on the rate of decomposition. The same 

TABLE III 


Addend 

Ethylene 

Initial Pressure 
of CH 3 . CHO 
(/>o(CH 3 . CHO)) 
(mm.) 

Initial Pressure 
of Addend 
(min.) 

Initial Pate Corr. 
to p 0 (CH 3 . CHO) 
— 100 mm. 
(turn, min.- 1 ) 

Increase in Initial 
Rate per mm. 
of Addend 
(min.- 1 ) 

99 *o 

8-0 

0-77 

— 

Vinyl chloride 

loo-o 

9‘5 

0G3 



9«*5 

9*5 

o-68 


Hydrogen chloride . 

102*0 

9-0 

0-87 

1 


104-5 

«*5 

O'8-l 

> mean 0-023 


102*5 

8-o 

0-87 

J 


104-0 

20-5 

I 64 

0-049 

C 2 H 4 ; 11 C 1 . 

98*5 

70-0 : 76 0 

i '»4 

o-oiO 

CJI 3 C 1 : HC 1 

105-5 

41-0 : 41-0 

2’95 

0-056 

Ethyl chloride 

<jS -5 

9*5 

0*75 



i 9 5‘5 

8*5 

0-85 



90-o 

11-0 

o-6o 



100*0 

9*5 

0-71 



102-0 

1 i-o* 

0-70 



101-0 

JO -5 

0-70 

mean 0-004 


IOI-5 

9*5 

0-70 


: 

I03-0 

0*5 

0-71 



99 ’ 5 

5 ’o 

0-62 



102*0 

,,o j 

0-(>2 


i : 2-1 >ii hlorethane. 

9^*5 

- ■ -'1 

4-0 | 

0-98 



98 *5 

7*5 ! 

1-85 



107-0 

“•5 ! 

2*0 

mean 0-104 


104-0 

25-0 j 

21 


1 * l-Dichlorethane. 

95 *o 

9-0 

i-8o 



100-5 

12-0 

2\5 



* 7-5 

9*0 

1-46 

mean 0*109 


97*5 

7’5 

1-30 



101-5 

i8-o f 

2-2 



* Acetaldehyde admitted 15 min. after the ethyl chloride, 
f Acetaldehyde admitted 5 min. after the 1 ; i-dichlorethane. 

applied to vinyl chloride. In contrast hydrogen chloride exerted a definite 
inducing action (Table HI). Mixtures of ethylene and HC 1 and of vinyl chloride 
and HC 1 also caused induced decomposition. 

Effects of Ethyl Chloride and the 1:1- and 1 :2- Dichlorethanes on 
the Rate of Decomposition of Acetaldehyde.—The results are summarized in 
Table III. Ethyl chloride, which decomposes slowly at 457 0 C (k — 26-3 x io~* 


6 Trans. Faraday Soc., 1939, 35» 1328. 
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seer 1 ), had no appreciable influence on the rate of decomposition. In contrast 
i : 2-dichlorethane, which decomposes more slowly (k *= 5*0 x io~ 5 seer 1 
for the maximally inhibited reaction), caused a marked catalysis of the decom¬ 
position. 1 : i-Dichlorethane, which decomposes rapidly at 457 0 C (A « 186 
x io~ 6 sec."* 1 ) similarly caused a marked increase in the rate of decomposition. 
The figures in Table III for the latter compound have been corrected for the 
decomposition of the 1 : i-dichlorethane itself but not for the inducing action 
of the hydrogen chloride formed in the reaction. The latter, though not 
negligible, is relatively small. 


Discussion 

Bes des compounds which decompose to give free radicals the acet¬ 
aldehyde decomposition is also catalyzed by oxygen, iodine, bromine and 
similar substances which will react to give free radicals. 1 It is difficult, 
however, to explain the inducing action of hydrogen chloride, which 
has also been noted by Fromherz. 7 

The absence of any inducing effect by decomposing ethyl chloride 
is in agreement with the unimolecular mechanism already established 
for its decomposition. The relatively powerful effect of 1 : 2-dichlor¬ 
ethane in causing the decomposition is also in agreement with its estab¬ 
lished mechanism of decomposition. The inducing power of 1:1- 
dichlorethane, however, was not expected. It is important to realize 
that the use of the acetaldehyde decomposition is solely a method for 
detecting the presence of free radicals and does not prove to what extent 
a compound actually decomposes by a free-radical mechanism. The 
latter is only established by experiments with inhibitors and therefore 
the results recorded here do not necessarily constitute evidence against 
the mechanism we have already established for the decomposition of 
1 : i-dichlorethane. 

Ethyl chloride and the two dichlorethanes decompose at dilferent 
rates at 457 0 C. In order to take account of this difference it is best to 
compare their inducing action in terms of their own rates of decomposition. 

TABLE IV 


Chlorinated Hydrocarbon X 

I 

First Order 
Velocity Constant k 
(sec.- 1 ) 

Increase (AW) in Initial 
Kate of C H s . CHO 
Decomp, per mm. of X 

A Rfk 

Ethyl chloride 

1 

26*3 X IO" 5 

0-004 

1 5 

1 : i-Dichlorethane 

186 

0-109 

58 

1 : 2-Dichlorethane 

; 

0104 

i 

2100 


This comparison is shown in Table IV. By this criterion 1 : 2-dichlor¬ 
ethane is far more effective than the two chlorinated hydrocarbons whose 
decompositions proceed by unimolecular mechanisms. 

Imperial College , 

London, S.W. 7. 


7 Z. physilt. Chcm. B, 1934, 2 5 * 301. 




THE NORMAL-STRESS COEFFICIENT IN SOLUTIONS 
OF MACRO-MOLECULES 


By R. S. Rivlin 
Received 26 th January, 1949 

In a previous paper 1 it has been shown that if the stress components at a 
point of a fluid depend only on the state of flow in a small element about that 
point at the instant considered, then in general, two physical parameters are 
required to define completely the flow properties of the fluid. One of these is 
the viscosity and the other will be called the normal-stress coefficient. Each 
of these may or may not be dependent on the state of flow. In the present 
paper, a method similar to that adopted by Kramers * to calculate the intrinsic 
viscosity of a high-polymer solution has been employed to calculate its normal 
stress coefficient. It is shown that appreciable values of the normal-stress 
coefficient may be expected in concentrated solutions and that its non-vanishing 
results from the orientation of the molecules in the flowing solution. 


1. Introduction.—In a previous paper 1 it has been shown that 
for an incompressible visco-inelastic fluid, which is isotropic in its state 
of rest, the most general expressions that can be obtained for the stress 
components t xx , t vv , . . . t xv , in a rectangular Cartesian co-ordinate 
system (x, y, z), in terms of the strain-velocity components a, b, . . . \h, 
are 

t xx — 2 9 a 2VCT f p, etc., and i vt = 9 f -j~ YF', etc., . (r.i) 

where a -- bu/bx, etc. and /= bv/bz + bw/by, etc. . (1.2) 

(h, v, w) is the velocity of the element of the fluid at (r, y, 2). AB' f 
. . . are given by 

A' ~ a 2 -f i(g 2 -f h 2 ), etc. and F f — \gh + (b + c )f, etc. . (1.3) 

p is a hydrostatic pressure. 9 and V are arbitrary functions of K % and 

K % , invariants of the strain-velocity, defined by 

K 2 = ah f be + ca - i/ 2 - ig 2 ~ \h 2 
and I< 3 - abc + ifgh - \af 2 ~ J bg 2 - \ch 2 . . . (1.4) 

The equation (1.1) must also represent the stress-strain-velocity relations 
for a visco-elastic fluid in steady-state laminar flow. If W — o and 
9 is a constant, then (1.1) are the equations of classical hydrodynamics, 
9 being the viscosity of the fluid as normally defined. 

In the present paper, it will be shown that a non-zero value of X P, 
which we shall call the normal-stress coefficient for reasons which will appear 
later, may obtain in solutions of macro-molecules or suspensions of rod¬ 
shaped particles. The method adopted is similar to that employed by 
Kramers * to calculate the intrinsic viscosity of a high-polymer solution. 

It has been shown 1 that the non-vanishing of W in the basic stress- 
strain-velocity relations (1.1) for the fluid would lead to its exhibiting 
a number of hydrodynamic effects which are not predicted by classical 
hydrodynamics. For example, if the fluid is contained between two 
coaxial cylinders which are rotated with respect to each other, at (say) 
a constant angular velocity, the fluid will rise up the inner cylinder. 

1 Rivlin, Proc. Roy. Soc. A., 1948, 193, 260. 

* Kramers, J. Chern. Physics, 1946, 14, 415. 
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Weissenberg * has recently drawn attention to the fact that a number 
of fluids exhibit such an eflect. 

2 . The Fundamental Formulae.—Following Kramers , 8 we employ' 
an idealized “ pearl necklace " model for the high-polymer molecule. 
Each molecule is considered to consist of N equal massive points, each of 
mass M, connected by equal rigid links of length L, which are capable 
of some measure of rotation about the mass-points at their junctions. 
It is assumed that, in a solution of such molecules, the solvent exerts 
no force on the rigid links but that a force — {v is exerted on each mass- 
point, where v is the vector velocity of the mass-point relative to the 
element of solvent in its immediate neighbourhood and £ is a constant 
depending on the nature of the high-polymer molecule and of the solvent. 

We shall first consider the effect of a single dissolved high-polymer 
molecule per unit volume on the stress components which are associ¬ 
ated with a specified steady irrotational state of flow in which the principal 
directions of flow are parallel to the rectangular Cartesian co-ordinate 
axes (x, y, z), which will be taken as the axes ofTeference throughout 
this paper. The velocity components ( u, v, w) at any point (x t y, x) 
may be written 

u — K t x, v — k 2 v and w -- k 3 z, . . . (2.1) 

where, on account of the incompressibility of the fluid, 

*1 H • *2 + *3 =•= o. . . . . (2.2) 

We shall assume that the flow configuration of the solvent is not altered 
by the introduction of the high-polymer molecule. 

Let (x, y, z) be the position of the centre of gravity of the macro¬ 
molecule at time /. Let (x it y it z ( ) be the position at time t of the ith 
mass-point relative to the centre of gravity of the whole molecule. Then, 

(x 4 x it y 4 y it z -f z t ) 

are the co-ordinates of the ith mass-point. Its velocity and acceleration 
are 

(* -I- *i> y -I- y<> * 4 *t) and (x 4 x it y 4 y { , z + z { ) 
respectively. Wc have, 

N N X 

24 ^ 24 = 24 = °* elc - • • • ( 2 - 3 ) 

1 1 1 

The viscous force exerted by the solvent on the ith mass-point is 
[-- {(-f 4 — *1* - *1*,), - £(y 4 v< -- * f y - v,). 

- C(z f - k. a z — 

Let (AT, IT, Z") be the resultant force exerted on the ith mass- 
point by the tensions in the links attached to it (i.e. the (i — i)th and 
ith links) and let (X[, Y[, Z\) be a random force of such a nature that 
for a free particle cquipartition would be maintained ; i.e. X\, Y\ and 
Z\ are independent of each other and of the positions of the mass-points 
and <A';> av - < y,') AT - <Z,'> AV -= O. 

Then, applying Newton’s second law to the motion of the mass-point, 
we obtain the three equations 

AT -- M(x 4 x t ) 4 £(x 4 x { — k l x — K X x t ) — X\, etc. . (2.4) 

Now, if S t (i -- x, ... (N — 1)) is the tension in the ith link and the 
direction-cosines of the ith link are (/„ m it n { ), we have 

AT “ SJi — etc., . . . (2.5) 

for each mass-point except the first and Nth. For these, 

AT = SJ V etc. and AT = — S.v-iT-i, etc. . . (2.6) 

8 Weissenberg, Nature , 1047, * 59 » 310. 
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From (2.5) and (2.6) we have 

N N N 

2 x‘ t ' = 2 y" = 2 z " = °- • • ( 2 - 7 > 

1 1 1 

From (2.4) and (2.7) we obtain, bearing in mind the relations (2.3), the 
three equations 

Mx + ix - Zk x x - AT' = o, etc., . . (2.8) 

1 y 

where X' = y r T A','. 

1 

Equations (2.8) and (2.4) yield 

AT;' = Af#, + ~ X; -f AT', etc. . . (2.9) 

The mean force which is exerted per unit area of a plane normal to 
the #-axis, on its negative side, by the high-polymer molecule, can be 
considered to consist of that due to the momentum transferred across 
the area by the high-polymer molecule, together with that due to the 
tensions in the links as they cross the area. We shall denote the former 
by S #g ) and the latter by (8^, 8^, 8,,). 

Since the momentum of the ith mass-point is 

[M(x +. x t ), M(y -f y t ), M(z -f *<)], 
and when the velocity is 

[(* + *i). (y + fi). [z + *i)l 

the number of times per second that it crosses the area considered is 
(x -f Xi), it can readily be seen that the mean rate of transfer of momentum 
across the area by the ith mass-point is 

(M(x + *,)*> AV . (M{y + y,)(x + x t )) AV , <M(i + i,)(x + i ( )> iV (2.10) 

where the average is taken over a sufficiently long interval of time. 
Summing these rates of transfer of momentum for all the N mass-points, 
we obtain 


and 


8*. =■ ( 2 M(x + x t )\ , =/ ^ M (* + *<)(y + y t )\ 

/ av \ 1 /a 

w \ . . 


= ( 2 + x t )(z + z t ) . 

\ 1 / AV 


(2.II) 


Employing the relations (z. 3), equations (2.11) become 

•—/I + *?)\ ■ »« = / j M(xy + x t yA 

\ 1 / AV \ 1 /A 


and 


/ n \ 

{ 2 + ***) ) 
\ 1 /* 


( 2 . 12 ) 


The force exerted by the ith link on the area considered is 
(- S { l it - S t m it - S>,). 


when the link intersects the area. The probability for such an inter¬ 
section to occur is Ll { . Thus, the force exerted by the ith link on the 
area is 

[~<LS,/?> AV , -(LS^Xv]. 

Again the average must be taken over a sufficiently long time interval. 
27 
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Summing the forces exerted by the (N — i) links, we obtain 
N-l N-l 

888 — -L 2 (Sift) ax* y “ L 2 

l l 

N-l 

and S' t ,= —L £ <S < « 4 / 4 > AV . . . . (2.13) 

1 

From (2.13), (2.5) and (2.6), we obtain 

jv .y 

tt = Z <*£*«>AV. = Z <^->AV. 

1 1 

y 

and 8 XS = ^ *<)av» • • • ( 2 . 14 ) 

1 

bearing in mind that x i+1 — x t — Ll it etc. Denoting by 4 # Kv> • • •» the 
parts of the stress components t xx , t vv , . . which must be exerted as 
a result of the presence of the dissolved molecule, we have 

4 = - ($** 4- O. etc., 

and 4 = ~ ( 5 V i + Km), etc. . . . (2.15) 

From (2.15), (2.14) and (2.12) and further similar equations, we obtain 
N 

4 + * 8 ) + AT< x i)kv, e tc*> 

1 

N 

and 4 = — Z + }'<*<) + etc. . (2.16) 

1 

Introducing the expressions (2.9) for X'/, Y<" and Z<" into (2.16), we 
obtain 

^ d d 

4 = — Z -1- Uj t ( x i) — £*i** + (A" — X',)x,y k y, etc., 

and 

y d 

4 = - Z M + £y<(*< - *»*<) + (^' - Z’ i )y ,'} kT , etc. 

(2.17) 

Now. (?,(**)}. and <(A' - A><>av 

\ /AV \<M / A y 

are all zero. 

Similarly, “d <( 2 ' — Z' i )y,') Ly 

are zero. Also 

(yi( Z i — K’a^J/’AV == 0 ’<)av^< *Z Z t)hy» 

since the motion parallel to the s-axis is independent of the position of 
the centre of gravity parallel to the y-axis. The mean velocity of a 
particle at any point is equal to the velocity of the solvent at that point; 
j.e. 


Therefore, 


K z i — K z z i)kv — °* 

<y { (Zi - *Z Z i )>AV = O. 
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Employing these relations, (2.17) become 

N 

4 = - VM<*»> av + £«,£ <*?>av, etc., 

1 

and t'„ = — iVM<vi) AVf etc. ..... (2.18) 

Providing { is sufficiently large, wc can neglect the terms 
— iViVf<^ 2 ) av , — A T Af<>'i>Av* etc., 

and we then obtain 

.v 

4 = £*1 2 <*‘>av. etc., and 4 = °. etc. • • ( 2 >I 9 ) 

1 

It should be noted that equations (2.9) can be re-written as 

X',' = Mx t + l*i + - x' t + X', etc., . . (2.20) 

OX f 
N 

where U = — £ K(*i** + **y’ + *» 4 )- • • • ( 2 - 21 ) 

1 

Equations (2.20) describe the motion of a molecule relative to its centre 
of gravity, when situated in a force field given by (2.21). 

3 . The Stress Components for a Flexible Chain—First-Order 
Approximation.— (x { , y it z { ) are given 2 by 

x, =^[i, + 2l, + ... + (»- 1)4-1 — {N — i)l, — . . . — 4 -i], etc (3.1) 


Whence, 


N 


2 E*‘ “ if 2 


N-l 


N 


where 


Bn - 


(3-2) 

(3-3) 


/i(N — ;) when j > i 
\j(N — ?) when j <, i 
Now, the orientation of the ith link may be defined by two angles 0 4 
and fa. 0 { is the inclination of the link to the *-axis and <t > 4 is the in¬ 
clination of its projection on the yz- plane to the y-axis. Then, 

l { = cos 0,, r= sin 0< cos <f > 4 and n { = sin 0 t sin </> 4 . (3.4) 

If the links are capable of perfectly free rotation about the mass-points 
at their junctions, then, when the fluid is at rest, the probability of the 
link having an orientation in the range (0 it 0, -f- d 0 { ) and <f> 4 + d^<) 
is given by 

7“ sin 0 i dO i d<f> { .(3.5) 

47T 

The probability of the (N — 1) links having orientations in the ranges 
(0<, 0 4 -f d0,) and <f> l + d<£<), for i = 1, . . . (N — 1), is 

"- 1 -- \ 


n {^ sin 


(3.6) 


If this is taken as the distribution of link orientations for the state 
of flow defined by (2.1), then 


T V*?)aV — vr" 2 


N l 


N 


N-l 


j- ^ ^ 2 ji — 1 ■» * - t 

= J7 Jo J 0 2 cos 9 < cos « TT (~ « n *<) d * d *- (3-7) 
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where f . . . d0 = f . . . f ... <39, d0, . . . d0y _i 

Jo Jo Jo 

{ 2 n i. 2 n * 2 n 

. . . d^ = • • • . . . d^,d^, . . . d^jv-j . (3.8) 

0 J 0 Jo 

Thus, 


X 


1 


L 2 
A r 


Z 3„ Jo J 0 Jo 4 (W e<> Sin 29i Sin 29 ' d9 ‘ dB ‘ d *< d *< 
i +J 


L* ^ f2n j 

+ vy > l 1 7 - So sin 0 , cos 2 0 < d0 t d<f > t . . . ( 3 . 9 ) 

iv 7 •> 0 J 0 4?r 

The first of these integrals is zero. Thus, 

* 7 2 — 1 

2 <*?>AV = ^ LW ’> if N is lar 8 e - • (3- 10 ) 

It can readily be seen, by symmetry, that 

XXX 

— 20'»)av “ 2^») av ‘ * * (3- 11 ) 

\ 1 1 


Whence, substituting in (2.19), we have 

4 = ± etc. . . . ( 3 . 12 ) 


For the state of flow described by (2.1), equations (1.1) become, taking 
the hydrostatic pressure p — o, 

t xx = 2 8k, + 2 ¥V, etc. . . . (3.13) 

Comparing (3.12) and (3.13), we see that with the assumptions made, 

e = Z SL^W* and ¥» = o, . . . (3.14) 

for the solution considered, in agreement with Kramers 2 calculation. 

4 . The Stress Components for a Flexible Chain—Second-Order 
Approximation.—We shall now reject the assumption that the uniform 
distribution of link orientations in space is not appreciably altered by 
the flow. 

N- 1 

Suppose that (l — p') TT ( — sin 0, d0,d<£<) 

i^*i ^ 4 7r ' 

is the probability that the ith link lies in the orientation range 
(B t , ti) to ( 0 t 4- d 0 { , <f> { 4 - d(/>i) for i = i, . . . (N — i). 
p' is a function of k v k 2 and * 3 , the 0 ’s and <£’s, such that p' = o when 


*i = K* — * 3 — o. 

Then, 

- T or ( 2 4 »»*.)«<* < 4.0 


whe 


- f 

j 0 


(10 and 


r 

j 0 


d^ liave tlie meanings defined by (3.8). 


If, following Kramers, 2 we consider the effect of the flow of solvent 
on the dissolved molecule to be equivalent to a mechanical potential 
field V given bv (2*21), we mav write, from (2.21) and (5.2), 

I CL**" 1 ' 

' 2 JV 


U 


2 SuWih + + x,n,n,). 


• ( 4 - 2 ) 
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Then the Boltzmann formula gives 

I - p' = e - OlhT .( 4 . 3 ) 

where k and T are Boltzmann’s constant and the absolute temperature 
respectively. If U kT, (4.3) may be re-written 

P’ = U/kT .(4.4) 

Introducing this expression for p' into (4.1) and employing the expression 
(4.2) for U, we obtain 

1 1 C*I 4 

* xx ~ TS ^^ 1 2 kTN 2 ' ( 4 ‘ 5 ) 


where 


/i=^ j ( {Zgil cos 0,cos 9 ,)* ]“J sin fl,jdfldf 


at- 1 


y 2 . 


= f f' ( 2 gu cos 6 , cos 6 ,) TT ( — sin 0 ,) (£g„ sin 8 , cos <f> t sin 6 , cos <fr t )d 6 

»0 0 11 \4rr / 


.V- 1 


and 

/ 3 = (£gu cos 0, cos 0 j) |"J sin (Ug {J sin 0<sin ^ sin 0 , sin ^,)d0 d^. 

(4.6) 

It can be shown, by carrying out the integrations indicated in (4.6) and 
summing the series so obtained, that, when N is large, 

^ and/, = /,= -LV. . . (4.7) 


Introducing (4.7) into (4.5), and employing the relation (2.2), we find 
that 


-tr-* • • • «•*> 

/' v and t' gM are obtained from (4.8) by replacing k x by k % and * 8 respectively. 
Comparing (4.8) with (3.13), we see that now 

t i r 2 LW 4 

& = tL*N* and V « - * - ^ . . . (4.9) 

36 1O20 kT 

If there are high-polymer molecules per cm. 3 and we assume that the 
solution is sufficiently dilute for their interactions to be neglected we have 


e 


36 


and ^ = 


1 

1620 kT 


• (4-io) 




(4.H) 


From (4.10), we have 

4 

5 kTj/" * 

5 . The Stress Components for a Straight Rigid Chain.—In order 
to find qualitatively what effect the stiffness of the chain has on 9 and IP, 
we can consider the extreme case in which each high-polymer molecule 
consists of N equal mass-points connected by rigid collinear links, which 
are weightless, offer no resistance to the motion of the solvent and are in¬ 
capable of any rotation with respect to one another. The orientation 
of the chain may then be defined by two angles 0 and <f>. The direction- 
cosines (/, m, n) of the molecule are then given by 


l = cos 0 , m = sin 0 cos (ft and n = sin 0 sin <f>. 


(5-i) 


We now have 


= L[i - i(N + 1 )]/, etc. 


• ( 5 . 2 ) 
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We obtain for the orientational potential energy of the molecule 

N-l 

U = - UL*( Kl l* + + K ,n*) 2 [i - i(N + i)]», etc. (5.3) 

t - 1 

Now, if N is large, 

N-l 

2 [i - m + i)p = -*». . . . ( 5 . 4 ) 

i *» 1 

Then, 

u = - ±tL*N*(*J* + *, W » + *,«*). . . ( 5 . 5 ) 

Also, from (2.19) and (5.2), 

N N -1 

= {*i]£>‘ s >av - Ip - + i)]»<f*>Av. . (5.6) 

1 <=» 1 


Employing the relations (5.4) and (5.3) we obtain, in a manner similar 
to that of § 4, 

1 . 1 




= , 
36 2160 


kT 


etc. 


(5-7) 


If now we have ^ non-interacting high-polymer molecules per cm.*, 
then 


4 = + -- A 


((L'NY^V 


k\, etc. 


36* 1 1 2160 kT 

Comparing equations (5.8) and (3.13), we see that 


e 


i(LW 3 / and ^ = — 
72 4320 


fcT 


From (5.9), we have 


.6 e* 

SkTJT 


(5-8) 


( 5 - 9 ) 


( 5 -io) 


It is seen that although the assumption that the dissolved molecules 
are rigid increases considerably the values of 6 and W, yet the relation 
between 8 and ¥* is not greatly altered. 

6. Relation to Kramers* Theory. — The procedure followed has 
been basically the same as that adopted by Kramers. Unlike Kramers' 
procedure, however, the potential of the flow field has been introduced 
here only as a means of calculating the non-uniform distribution of chain 
orientations when the orientation of the molecules is appreciable. The 
contribution of dissolved high-polymer molecules to the viscosity, ob¬ 
tained in § 3, does not require the introduction of the notion of a flow 
field. 

Instead of considering the general state of irrotational flow defined 
by (2.1), Kramers considers the special case when 

u = v =* fax and w — o, . . (6.1) 

in which the principal directions of flow are not parallel to the reference 
axes. For this case, he obtains (in our notation) 

N-l 

e = - it 2 (O' + ^)*>av • • • (6.2) 

i-1 


and neglects y, the co-ordinate of the centre of gravity, apparently in a 
quite arbitrary manner. 

7 . Discussion.—In the theory which has been presented, the non¬ 
vanishing of arises essentially from the preferential orientation of the 
links along the stream-lines. Apart from the idealization of the mole¬ 
cules themselves, some assumptions have been made which are nol 
strictly defensible. 
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It is assumed that the presence of a high-polymer molecule does not 
alter the flow configuration in its neighbourhood. It is, of course, 
extremely unlikely that this is so. However, it can readily be seen that 
the modification of the flow field will be such as to screen the central 
portions of the molecule from the full effect of the flow field, the effect 
of the flow in orienting the molecule being thereby somewhat reduced. 
Again, the replacement of the solvent-polymer interactions by a mechan¬ 
ical field of force in § 4 and § 5 is not strictly in accord with thermo¬ 
dynamic principles since the system considered is not one in thermo¬ 
dynamic equilibrium. It does, however, provide a method of estimating 
the degree of orientation of the links, which, if not correct in detail, should 
provide an order of magnitude for the effects considered. 

In deriving equation (4.10) and (4.11), it is assumed that the solution 
is sufficiently dilute for interactions between the dissolved molecules 
to be negligible. This will be valid only at the lowest concentrations. 
For a o*i % solution of polystyrene in benzene and a state of flow defined 
by (6.1), we can calculate t 9x ( = £ W), taking the molecular weight of 
the polystyrene as 10 5 , and the contribution 9 of the dissolved macro¬ 
molecules to the viscosity of the solution as 1-5 x io~* poises, as 

t xx ^ J 10- 8 ** dynes/cm. a . 

So, for such a solution, t xx would be indetectably small, unless exceedingly 
high values of k are employed. 

As the concentration of the solution is increased, the interactions 
between molecules, either directly by entanglements, or through the 
disturbance of the flow field, can no longer be neglected. The effect of 
this is to produce (i) a non-linear dependence of the viscosity on con¬ 
centration and (ii) dependence of the viscosity on the velocity gradient. 
We can conveniently consider these effects as arising in the following 
manner. Owing to the interactions of the molecules, they may be 
regarded as forming groups which act, for the purposes of our calculations, 
as single macro-molecules, in the sense that a force exerted on one mole¬ 
cule of the group will be transmitted to the others. For a given con¬ 
centration of dissolved high-polymer, in g. cm."*, the contribution to 
the viscosity will increase as the number of molecules in each group 
increases, as it depends linearly on the number of groups and more rapidly 
on the size of the group. The effective number of molecules in each group 
will, of course, depend on the velocity gradient, increasing as the velocity 
gradient decreases. 

A rough estimate of the effective number of groups for a specified 
state of flow can be obtained by comparing the measured specific vis¬ 
cosity 7 }' of the concentrated solution with the specific viscosity 77* of 
a solution of equal concentration, in which the molecules do not interact. 
if can be obtained from the measured intrinsic viscosity [17] for the 
solution. We have 

■ n ’ = Ms.(7-i) 

where c is the concentration. Then, from (4.10), we have 

,' = ^TO7*.(7-2) 

where 77 0 is the viscosity of the solvent. 

Similarly, we have 

= (7-3) 

where N' is the number of links in each effective flow group of molecules 
and^' is the number of such groups. 

Now, 

WJf = NjT** v, 
where v is the total number of links per cm.*. 


(7.4) 
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From (7.2), (7.3) and (7.4), we obtain 


17'/V .... (7.5) 


^ can, of course, be obtained from the concentration and known molec¬ 
ular weight of the high-polymer. Y can then be calculated from the 
formula 


V 8 

5 kTJT'' 


(7.6) 


For a 25*7 % solution of polystyrene (of molecular weight 120,000) 
in xylene, Ferry 4 has found that the viscosity is 220 poises when the 
velocity gradient is 9 cm. sec.- 1 . The measurement was made with the 
fluid in a state of laminar flow. The intrinsic viscosity for such a solution 
would be about 2*5. Taking the viscosity of xylene as 0*006 poises, 
these figures give, from (7.5), 

1-7 X io~ 3 .(7.7) 

Taking the value 120,000 for the molecular weight, we find that a 25*7 % 
solution contains approximately 1*2 X io 18 molecules per cm. 8 . 

Thus, ^ 2 x io 16 . 


Employing this, together with the measured viscosity (220 poises), in 
(7.6) and taking k = 9 sec." 1 , we obtain for the state of flow considered 


= t vv — \ Wk 2 18 g./cm. 8 
and t xv = tj'k ^ 2-0 g./cm. 2 . 

Thus, in this case, the calculated normal stress components are con¬ 
siderably greater than the tangential stress component. This contradicts 
the assumption made in the calculations that U < kT, but shows that 
normal stress components which are at any rate not greatly less than the 
tangential stress components should be obtainable in a concentrated 
high-polymer solution. 

In the calculation, the effective flow group has been treated as though 
it consists of an unbranched chain of mass-points connected by rigid 
links. It might at first sight appear that it would be more realistic to 
treat it as a highly-branched molecule. The calculation for such a model 
would, however, be more complicated. The procedure that has been 
adopted assumes that for a particular velocity gradient the solution 
is equivalent from the point of view of its flow properties to one of equal 
concentration containing jV*' non-interacting unbranched molecules. 

It may be noticed, however, that the argument of § 2 is valid for the 
branched case and so, at any rate qualitatively, it is seen that orientation 
of the molecules as a result of the flow still results in non-zero values of X F, 
if we assume the flow groups to be branched. 


Much of this work was carried out at the Mellon Institute of In¬ 
dustrial Research, Pittsburgh, Penn., while the author was on leave from 
the British Rubber Producers’ Research Association and serving as a 
special consultant to the Institute's Multiple Fellowship on Synthetic 
Rubber sustained by the Office of the Rubber Reserve, Reconstruction 
Finance Corporation. 

Davy Faraday Laboratory, 

The Royal Institution, 

2i Albemarle Street, 

London W. 1. 


Ferry, /. Amev, Chem. Soc., 1942, 64, 1330. 



A STUDY OF THE CONVERSION OF MALEIC ACID 
TO FUMARIC ACID 


By D. H. Derbyshire and William A. Waters 
Received 14 th February, 1949 

It is shown that bromine atoms, generated in aqueous solution by the reaction 
Fe , *+ + Br 2 -> Fe +++ -j- Br~ + Br- 

effect the conversion of maleic acid into fumaric acid by the simple mechanism 
of bromine addition followed by re-elimination subsequent to the occurrence of 
free rotation in the adduct. 


The independent photochemical researches of Wachholtz and Eggert 1 
and of Berthoud and his colleagues a - 3 have shown that several geometrical 
isomerides, such as maleic and fumaric acids, can be interconverted by 
the action of free bromine atoms, which appear to act by adding on to 
the double bond of the less stable isomer (e.g. I) to give an organic radical 
(Ila or 116 ) in which free rotation is possible, and then separating once 
more to give the more stable isomer (III) : 


HOOC—C—H 

1 + Br* 

HOOC—C—H 

(I) 


HOOC—C—H 
Br* + || 

H—C—COOH 
(III) 


Br 

HOOC—C—H 
HOOC—C—H 
Br 

HOOC—C—H 

H—C—COOH J 


(Ila) 

^ interconvertible 
with 

(II b) 


The evidence for the existence of a transient organic radical (II) 
rests upon Berthoud's isolation of a dimeric product from a-phenyl- 
cinnamonitrile in a reaction of this type, 4 whilst that for the participation 
of bromine atoms in the change depends mainly upon a kinetic analysis 
of reaction velocities. Wachholtz, 5 however, showed that the reaction 
could also be effected in the dark by reducing free bromine, bromic acid, 
or hypobromous acid, with reagents such as ferrous sulphate, and pointed 
out that this evidence substantiated the view that uncharged bromine 
atoms were the true active catalysts. He did not, however, study the 
kinetics of the reaction in any detail. 

In view of the close similarity between the reactions of ferrous salts 
with hydrogen peroxide, 

Fe++ + HO—OH -* Fe+++ + (HO:)- + -OH, 
and with molecular bromine (below) it appeared that the mechanism of 


1 Wachholtz and Eggert, Z. physik. Chem 1927, 125, 1 ; Z. Elektrochenu , 
1927. 33 . 542 . 

8 Z. physik. Chem., 1926, 120, 174 ; Helv. chim. Acta , 1927, 10, 289. 

3 J . Chim . l J hys., 1927, 24, 213 ; 1930, 27, 291. 

4 Helv. chim . Acta, 1930, 13, 385. 5 Z . Elektrochem., 1927, 33, 545. 

27 * 


749 



750 CONVERSION OF MALEIC TO FUMARIC ACID 


this isomerization could be studied more clearly by examining the overall 
stoichiometry of the main chain reaction concerned by using the general 
technique of Merz and Waters. 6 The simplest reaction scheme can be 
written as follows : 

(1) Fc* + + Br 2 -■■->■ Fe +++ + Br- + Br\ 

(2) Fe 1 +• -f Br* —> Fe +++ + Br-. 

(3) Maleic acid (I) -f- Br* —L* Radical (Ila). 

(3*) Radical (II«) —> Radical (II b) (indistinguishable, i.e. im¬ 

mediate change). 

(4) Radical ( 116 ) —Fumaric acid (III) -f Br*. 


Reactions (1) to (3) have already been well substantiated, but it has 
been uncertain hitherto as to whether reaction (4) occurs spontaneously, 
by solvent collision, or only upon a subsequent collision between a radical 
and a second maleic acid molecule. From eqn. (i)-(4), it follows that 

[Br*] = ki/kJBrJ, 

[Radical] = k 3 /k 4 X [Maleic acid][Br 2 ], 

and hence 

k x k 

+ d[Fumaric acid]/d* -L-—- [Maleic acid] x [BrJ 

_ ^2 

- d[Fe++]/<S “ 2k ~x [Fe++][S^J ' 

or 


4 - d[Fumaric acid] k « [Maleic acid] 
- d[Fe++] " Tx k 2 X ”[Fe++] 




If, then, a dilute bromine solution is added, with stirring, to a pre¬ 
pared mixture of ferrous sulphate solution and maleic acid in such an 
amount that the changes in concentration A[Fe++] and A [Maleic acid] 
are only a small fraction of the original concentrations, [Fe++] and 
[Maleic acid], then eqn. (A) should hold when the measurable quantities 
(— A Fe++) and (-f A Fumaric acid) are substituted for the differentials. 

Fig. 1 shows that this is the case. The isomerization therefore does 
proceed according to eqn. (1) to (4) substantially, and requires neither 
the reduction of the radical (II) by another reagent (e.g. Fe ++ ion) nor a 
halogen transfer between two organic molecules, e.g. 

Radical (Ila) + Maleic acid -> Fumaric acid -f Radical (II b) ; 

the second mechanism for instance would lead to a calculated consumption 
ratio (A Fumaric acid/— A Fc ++ ) varying as [Maleic acid] 3 . 

The slope of the graph of Fig. 1 indicates that reaction (3) must be 
exceedingly fast, but no indication can be given of the rate of reaction (4). 
Reaction (3) presumably occurs easily with maleic acid because the energy 
of this p—p bond (ca. 62 keal.) is less than the energy of formation of a 
C—Br bond (ca. 65 keal.). 7 The occurrence of reaction (4) can only be 
facile if it is exothermic. Apparently it is the exact reverse of (3), but 
attention may be directed to the fact that the difference between the 
heats of combustion of maleic and fumaric acids (7 keal.) is greater than 
the heat of reaction (3) as approximately computed above. 

At high [Maleic acid]/[Fe ++ ] ratios, the final quantity of Fe ++ + formed 
falls slightly below that equivalent to the bromine actually taken, pre¬ 
sumably because a small amount of brominated acid (dibromosuccinic 

6 Merz and Waters, Faraday Sue. Discussions, 1947, 3 » *79 I J• Chem. Soc. 
(in press). 

7 These approximations are the averages of recent bond-strength data, as 
collected by Steacie, Atomic and Free Radical Reactions (1946), pp. 72-85 
compare Dewar, The Electronic Theory of Organic Chemistry (1949), p. 32. 
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acids or bromofumaric acid) is formed. This is so slight, however, that 
we have been unable to isolate the by-products or to decide exactly how 
they arc formed. We satisfied ourselves, however, that in the dark, no 
significant direct addition of bromine to maleic acid occurs in the very 
short time which elapses in these isomerizations. In the presence of 




ferrous ions the isomerization is complete in a matter of seconds, whilst 
in its absence the decrease in the bromine concentration is measurable 
only after several minutes. This direct addition of bromine must there¬ 
fore have an entirely different mechanism : it is not accompanied by any 
formation of fumaric acid. 


7$2 FORMING A LIQUID JUNCTION 

Experimental 

All reactions were carried out at room temperature ( ca . 19 0 C) in vessels 
surrounded by cardboard containers to exclude light. To secure a fairly constant 
pH, all solutions were prepared in o-i N H,S 0 4 . 

The ratio ( 4 - A f 11 marie atid)/(— A Fc f +) was determined by taking prepared 
mixtures of maleic acid (1*5-3 M) and FeS 0 4 (0*01-0*05 N) in o*i N H 8 S 0 4 
and adding to them dilute ( ca . 0*03 N) aqueous bromine equivalent to no more 
than 40 % of the total Fe ++ , and often to much less. For instance, in two series 
of experiments (plotted separately as X and Q in the Fig.) the mixtures were 
chosen as follows : 

(a) 5*0 ml. of 0*04 N bromine were added to a series of mixtures each con¬ 
taining 5*o ml. of o*i N FeS 0 4 and from 5 to 50 ml. of 3 M maleic acid (i.e. the 
total volume of liquid varied) ; (b) 30*0 ml. of maleic acid were mixed with from 
1 to 10 ml. of FeSC) 4 solution, and the total volume was in each case made up 
to 40 ml. with o*i N H 8 S 0 4 before adding bromine equivalent to 30 % of the 
Fe++ present, and finally diluting to 50 ml. 

Fumaric add was determined by allowing the mixtures to stand overnight 
in the dark, when precipitation of this sparingly soluble reaction product reached 
completion. The deposits of fumaric acid were then separated on sintered- 
glass filters, washed with cold saturated fumaric acid in distilled water, and 
then dissolved in a known excess of standard baryta. The excess of alkali 
was then determined by titration with HC 1 using phenolphthalein as indicator. 
Data were finally corrected by taking into account the solubility of fumaric acid 
in cold o*i N mineral acid. This was found, by our measurements, to be 
3*04 g./L, or 0*0314 M at 19° C, compared with a previously recorded solubility 
in pure water at this temperature of 0*0414 M. 8 The chemical identity and the 
purity of the precipitates were regularly checked. The linearity of the plot 
shows that the errors involved in this admittedly approximate method of 
estimating fumaric acid are only of second order. 

( — AFe ++ ) was throughout determined colorimetrically, as Fe +f f produced, 
using the ferric thiocyanate colour, which was measured on a Uilgcr Spekkcr 
photo-electric absorptiometer. 

We also evaluated the amounts of brominated acid produced during our 
reactions in terms of [BrJ (taken) — (A [Fe + +]) (found). This was always 
very small, and seemed to vary somewhat with the manner in which the bromine 
was added. Very approximately it rose as the ratio [Maleic acid]/[Fe ++ ] \vas 
increased. The total amount of brominated acid was, however, only of the 
order of io~ 4 of the total acid taken, or of io~ 2 of the fumaric acid formed. This 
confirms our theoretical assumption—that chain-ending reactions other than 
(2) can be neglected in deriving the principal chain sequence from our analytical 
data. Clearly, too, the isolation of by-products in these small amounts is 
impracticable. 

We thank the Royal Society for a grant for the purchase of the 
Spekker Absorptiometer. One of us (D. H. D.) thanks the Depart¬ 
ment of Scientific and Industrial Research for a maintenance grant. 

The Dyson Perrins Laboratory, 

Oxford. 

8 Lange and Sink, J. Amer. Chem. Soc ., 1930, 52, 2603. 


A NEW METHOD OF FORMING A LIQUID JUNCTION 
BETWEEN ELECTRODE VESSELS IN 
A THERMOSTAT 


By G. S. Smith 

Received 15 th February, 1949 

A simple means of establishing and renewing a liquid junction between 
two electrode vessels, kept permanently in a thermostat, by means of operations 
wholly external to the thermostat, is described. 
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The apparatus * to be described was designed to provide a simple means 
of establishing a liquid junction in a cylindrical tube between a calomel 
electrode and a polarographic half-cell, both of which were to remain 
permanently fixed in a thermostat, but the principle has obviously a 
wider application. Its special features are— (a) the calomel half-cell 
or other reference electrode and the liquid junction tube are completely 
immersed in the thermostat. ( b) Taps for operating the flow of electro¬ 
lyte etc., are completely outside the thermostat. ( c) The liquid junction 
is easily formed and reproduced when necessary. ( d ) The electrode 
vessels and liquid junction tube can be kept permanently immersed in 
the thermostat, (e) The washing of connecting tubes, etc., can be carried 
out without any contact between the washing liquid, which could even 
be concentrated sulphuric acid if desired, and the liquid of the reference 
electrode. 

Experimental 

The diagram of the apparatus in Fig. i shows the liquid junction tube in 
combination with a 3-5 N or saturated calomel electrode K. The tap funnel 



Fig. 1. 

serves as a reservoir for the electrolyte. Its stem, which has a side-tube con¬ 
nected to a tube containing mercury overlaid with mercurous chloride-mercury 
mixture and potassium chloride solution, has its lower end bent upwards and 
joined to a wider tube J. The latter tube possesses a sharp downward bend 
and the end is connected at X by means of a fused joint, ground-glass joint or 
rubber tubing, to a short tube fused to the tube G which serves for connection 
to the working electrode and also to a siphon for carrying off waste liquid. The 
upper part of tube J carries a tube with a tap T. The tube containing the 

* The apparatus described forms part of the subject-matter of Provisional 
Patent Specification No. 14306/49, dated 27th May, 1949. 
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calomel half-cell K is closed with a rubber teat which is fitted after the tube 
has been nearly filled with the potassium chloride solution from the tap funnel. 
The potassium chloride solution is allowed to enter tube J until it overflows 
into the right side of J. The tap of the funnel is then closed and the teat 
momentarily squeezed to force a further quantity over, and to leave the surface 
of the liquid just below the bend in tube J as illustrated. The excess liquid 
is removed by slight suction when necessary at the waste end of tube G. With 
tap T closed and the waste tap open, tube G can be washed out with water or 
other suitable liquid from the working electrode side. 

In forming the liquid junction the electrolyte from the working electrode 
vessel is allowed to flow along G, the waste tap is then closed and tap T is opened 
very carefully so that the electrolyte rises slowly past X and flows gently on 
top of the potassium chloride solution in J. Tap T is closed, and the apparatus 
is then ready for the taking of readings. 

After use, gentle suction is applied at the waste tap, tap T is opened, and at 
the same time potassium chloride solution is allowed to flush out the junction 
liquid. Tap T is then closed, and the teat is pressed momentarily so as to 
leave the level in tube J as at the start of operations. 

With the apparatus illustrated the liquid junction is formed in a relatively 
wide tube. A slight modification of J allows the junction to be formed in a 
narrow tube. For this purpose the upturned end of the delivery tube, in the 
form of a semi-capillary tube, is extended nearly to the position indicated 
by the liquid level in the diagram, and the left side of J is correspondingly 
shortened. The volume of the left side of J between the top of the narrow tube 
and the bend in the modified construction is arranged so that when the tap of 
the funnel is turned off after potassium chloride solution has been allowed to 
flow over into the right side of J, and a further amount of the solution has been 
forced over by pressure on the teat, the subsequent release of pressure leaves 
the surface of the solution somewhere within the semi-capillary tube. The 
potassium chloride solution ejected from J is, of course, allowed to flow to 
waste. To form the liquid junction the teat is pressed slightly to bring the 
potassium chloride solution just to the top of the narrow tube, the other electro¬ 
lyte is allowed to How gently into J by opening tap T as described above, and 
the pressure on the teat is then released so that the boundary of the two solutions 
is drawn into the narrow' tube. 

In electrochemical w'ork it is sometimes convenient to be able to dip the 
end of a tube communicating with a calomel electrode into a solution in which 
another electrode is immersed. The electrode with the liquid junction vessel 
as described but terminating in an orifice at X may be used for this purpose. 
To form the liquid junction the apparatus is dipped into the solution, and tap 
T is opened so that the solution in the outside vessel flows into J. The junction 
is then formed in a cylindrical tube, i.e., in the left side of J, and not at the tip 
of a narrow tube as is usual with dipping electrodes. The necessary cylindrical 
symmetry of the junction is thus maintainable for a longer time. 

The method is considered to be superior to others described : to that 
of Ingham and Morrison 1 in that it avoids the need for insertion and 
removal of a junction tube each time the apparatus is used ; to that of 
Coates * in that an immersed tap is dispensed with, and to that of Smith 
and Speakman 3 in that the washing-out of the connecting tubes does 
not involve contact with the electrolyte of the reference electrode. 

This paper is published by permission of the Ministry of Supply and the 
Controller of H.M. Stationery Office. 

Aeronautical Inspection Department, 

Test House, 

Harefield, Middlesex. 


1 7 - Chem . Soc., 1933, 1-200. 

3 Trans. Faraday Soc., 1948, 44, 1031. 


3 Ibid., 1945, 489. 



THE SOLUBILITY OF BENZYLPENICILLIN SALTS 
IN ACETONE 


By J. E. Page and J. G. Waller 
Received 2nd March , 1949 

An improved apparatus for solubility measurements is described. The 
solubilities of the ammonium, sodium, and potassium salts of benzylpenicillin 
in acetone containing 0*05 %, i*o % and 2*0 % of water have been measured over 
the temperature range — 78° to -f 40° C. The solubilities showed unexpected 
increases at low temperatures. 


In view of the claim 1 2 that acetone may be used for the crystalli¬ 
zation of penicillin salts, we have measured over a wide temperature range 
the solubility in acetone of the purified ammonium, sodium, and potassium 
salts of benzylpenicillin (penicillin II or G). 

In preliminary experiments, 8 saturated solutions were prepared by 
mixing acetone with excess sodium benzylpenicillin ; they were then 
filtered through a sintered-glass plug, and the penicillin in the filtrate 
was assayed biologically. Unfortunately, it was difficult to control the 
solution temperature and there was evaporation of the acetone, making 
the filtrate usually cloudy or supersaturated. Better results were ob¬ 
tained by using a modification of Campbell’s apparatus,* which enabled 
us to determine the solubility of benzylpenicillin salts in 5 ml. portions 
of acetone over the temperature range, — 78° to -f 40° C. 

Experimental 

Our solubility apparatus (Fig. 1) consisted of two test-tubes, A and B, 
that could be linked together through a ground-glass component C, through 
which passed two connecting tubes, D and E. Connecting tube E was constricted 
and packed with glass wool at the end opening into tube A. The end of con¬ 
necting tube D reached to the middle of test-tube B and was drawn off to a 
capillary and bent round through 180 0 to prevent any liquid from splashing 
into it. A solution in test-tube 13 could be agitated by bubbling nitrogen 
through the side arm, F. 

More than sufficient benzylpenicillin salt to produce saturation and about 
5 ml. of acetone were placed in test-tube B, and nitrogen that had been saturated 
with acetone vapour at the temperature of the experiment was bubbled through 
the mixture. The ground-glass component C carrying tubes D and E was fitted 
to test-tube B, which was then placed inside a glass vessel containing cither 
water or alcohol to preserve thermal contact, and mounted in a thermostat 
to keep it at the desired temperature. When temperature equilibrium had 
been reached (after 1-2 hr.), the solubility apparatus was removed from the 
thermostat, the nitrogen bubbling stopped and test-tube A fitted on to the 
ground-glass component, C. The apparatus was inverted and immediately 
returned to the thermostat. The solution filtered through the glass wool plug 
into test-tube A, the air being displaced out through connecting tube D. When 
filtration was complete, test-tube A was removed, tightly stoppered, and 
allowed to attain room temperature. A known volume of the supersaturated 

1 Clarke, Johnson and Robinson, The Chemistry of Penicillin (Princeton 
University Press, 1949), p- 85. 

2 Ibid., p. 86. 3 Campbell, /. Chem. Soc., 1930, 179 
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or slightly cloudy solution was diluted to 20 ml. with a phosphate buffer solu¬ 
tion of pH 7-0 (0*078 % of potassium dihydrogen phosphate and 010 % of 
dipotassium hydrogen phosphate) and assayed lor penicillin by the cup plate 
method. 4 The accuracy of the replicate assays was probably better than 5 %. 

For measurements at temperatures below o° C, the 
apparatus was immersed in a partially frozen mixture of 
alcohol and water that had been cooled by the addition 
of solid carbon dioxide. The proportion of alcohol and 
water was adjusted so as to give the desired temperature. 
Special precautions were taken to prevent moisture enter¬ 
ing the apparatus. 

The acetone used was of a.r. quality and had been 
dried over and redistilled from anhydrous potassium 
carbonate. The moisture content of the acetone was 
determined by the Karl Fischer procedure. 

The penicillin salts were supplied by Mr. W. K. Anslow 
of the Fermentation Division, Glaxo Laboratories Ltd. ; 
the penicillin present was approximately 100 % benzyl- 
penicillin. 

Results 

Our data for the solubility of sodium, potassium and 
ammonium benzylpenicillin in acetone are set out in 
Tables I, II and III, respectively. 

The solubility of the .sodium salt in dry acetone is 
fairly constant between — 20° and 25 0 but it in¬ 
creases with fall of temperature below — 20° 0. Acetone 
solutions containing i-o to 2*0 % of added water show a 
much greater increase in solubility with fall of temperature. 
By warming to o° C acetone solutions saturated at — 50° C, 
we obtained excellent crystals of sodium benzylpenicillin. 
The latter were isolated and 011 micro-analysis were found 
to consist of the anhydrous sodium salt (required : C, 
53*9 ; H, 4*81 ; and N, 7*86 ; found : C, 52-8 ; H, 4*79 ; 
and N, 8-05 %). This unorthodox method of recrystalliza- 
tion may be of some general interest. 

The solubdity of potassium benzylpenicillin in anhydrous acetone and in 
acetone containing small amounts of water is fairly constant from -f 25 0 down 
to — 40° C and then shows a small increase. 

TABLE I.— Solubility of Sodium Benzylpenicillin in Aqueous Acetone 



Fig. 


Temperature 
in °L 

Solubility in g. per 100 ml. of Acetone containing 

<0-05 % Water 

i-o % Water 

2*0 % Water 

+ 4° 

0*00 8 

0*038 

0*10 


0*004 

0*022 

0*10 

0 

0*004 

0*024 

0*10 

— 20 

0*006 

0*040 

1*2 

-40 

0*011 

0*088 

2*6 

-7» 

0*015 

0*23 

1*0 


The solubility of the ammonium salt in anhydrous acetone is, contrary to 
our observations on the sodium and potassium salts, reduced by the addition 
of small amounts of water, but, as for the other salts, is increased by lowering the 
temperature below — 20° C. 

Our observation that the ammonium salt is more soluble in anhydrous 
acetone than in acetone containing i*o % of water suggested that the addition 
of small amounts of water might precipitate ammonium benzylpenicillin from 
its solution in dry acetone. This was tried ; the material that separated had 


4 Kef. 1, p. 1031. 
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the same melting point (140° C, with decomposition) as a specimen obtained 
by adding dry acetone to a saturated solution of the ammonium salt in acetone 
containing 10 % of water. 

The phenomenon of increased solubility in acetone with fall in temperature 
TABLE II.— Solubility of Potassium Penicillin 


Temperature 
in °C 

Solubility in g. per 100 ml. of Acetone containing 

<0*5 % Water 

1 % W’ater 

2 % Water 

-f 40 

0*010 

0*015 

0*085 

-i 25 

0*004 

0*020 

0*090 

0 

0*004 

0*020 

0-085 

— 20 

0*004 

0*020 

0*075 

-40 

0*004 

0*015 

0*070 

-78 

0*015 

0*030 

0*055 


has been observed before with simple inorganic salts, but apparently has not 
been reported for organic salts. Thus Bell, Rowlands, Bamford, Thomas and 
Jones 6 found that the solubility of lithium chloride increased from o*f>i % 
at 4- 50° to 173 % at o° C. On the other hand, the solubility of lithium bromide 

TABLE HI. —Solubility of Ammonium Penicillin 


Temperature 
in °C 

Solubility in g. per 100 ml. of Acetone containing 

<0-05 % Water 

1 % Water 

2 % Water 

P40 

1*8 

0*50 

0*90 

+ 25 

1*2 

0*30 

o *35 

0 

o *35 

0*15 

0*20 

— 20 

0*27 

0*080 

0*15 

-40 

o *33 

0*065 

0*15 

-78 

0*45 

0*15 

0*25 


fell from 0-40 % at 60 0 to 0*13 % at io° C. The solubility of potassium iodide 
in acetone increases from 4-15 % at — 78-5° to 9-80 % at — 57*5° 0 and then 
decreases as the temperature is increased, being 1-33 % at 25°C and 0*84 % 
at 54*5° C* 

We wish to thank Mr. E. G. Cummins for technical assistance and 
Mr. G. L. F. Norris for the penicillin assays. 

Research Division , 

Glaxo Laboratories Ltd., 

Greenford, Middx. 

8 Bell, Rowlands, Bamford, Thomas and Jones, J. Ghent. Soc., 1930, 1927. 

• Livingston and Halverson, J. Physic. Chem., 1946, 50, 1. 




THE MEASUREMENT OF DIELECTRIC 
CONSTANTS OF LIQUIDS BY A 
FREQUENCY DEVIATION METHOD 

By W. L. G. Gent 

Received io th March, 1949 

The measurement of dielectric constants of liquids by a frequency deviation 
method, which allows a continuous check on the standard capacity by calibration 
against a crystal oscillator, is described. 


The determination of low dielectric constants 2) of liquids and 
solutions by the heterodyne beat method usually involves 1 measurement 
of the capacity increment on filling a test cell in the grid circuit of a 
variable-frequency oscillator by the variation required on a parallel 
standard variable condenser to bring the oscillator back to its original 
frequency by reference to a crystal-controlled standard. The standard 
capacity requires fairly frequent re-calibration for measurements of high 
accuracy and to overcome this a method has been devised whereby a 
continuous check is obtained by calibration against a crystal oscillator, 
measurement of the frequency deviation on filling the test cell being made. 

The block circuit (Fig. 1) shows the main layout. Power supplies 
are derived from a stabilized power pack 2 fed from a constant-voltage 
transformer and the filaments of the oscillators are run from accumulators. 



Ffo. 1.—Block circuit. 


By this means frequency drift due to changes in voltage and valve char¬ 
acteristics are reduced to relatively negligible proportions. The beat 
note is detected after amplification on a cathode-ray tube using the a.c. 
mains as 50 c./sec. time-base. Any convenient Lissajous figure may be 
used (e.g. the figure-of-eight at 100 c./sec. difference of the oscillators) 
or the zero-beat, since locking-in of the oscillators is very slight. 

A transitron oscillator 3 is tuned (Fig. 2) by the test cell in parallel 
with a fixed capacity, the frequency being nominally 1 Me./sec. Output 
is capacity coupled to a frequency meter (Bendix Radio BC-221-M). 
The tuning circuit of the variable-frequency oscillator of the meter is 
calibrated in the 1 Me./sec. range at every 0*4 kc./sec. and the scale 
divided into 50,000 divisions. A change in the capacity of the calibrated 
condenser of the wave-meter is nullified by adjustment of a parallel 

1 Smyth, Technique of Organic Chemistry, Vol. II (1946), p. 989. 

2 Amateur Radio Handbook, 2nd ed. (1946), p. 157. 

3 Taylor, Electronics, 1946, 19, 142. 
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trimming capacitor each time the wave-meter is checked against the 
crystal oscillator. By this means the frequency of the transitron oscillator, 
and consequently the required change of capacity of the dielectric con¬ 
stant cell, can be measured unaffected by any change in circuit constants 



Fig. 2.—Transitron oscillator. 


Cj =■ 80 pY R x — 450 ohms. R e = 25,000 ohms. 

C 2 o-o t fiY R a - 50,000 ohms L — 290 p,F 

C 3 0-15 pF R 3 -= 50,000 ohms P — coaxial plug 

C 4 — o-oo2 fib' R j — 15,000 ohms V — 6ABG. 

C 6 8 fiY R r , — 7000 ohms 

other than that of the inductance of the transitron oscillator coil and the 
frequency of the quartz crystal. The crystal frequency was adjusted by 
reference to the transmission from station GMT. 

Expressing the resonant frequency of the tuning circuit as 

f = Tn + Cl) ~ 4Z 5 ] C ' /S6C " 

where L — inductance in henries, c = dielectric constant of solution in 
test cell, C t — air capacity of test cell in farads, C 0 = parallel circuit 
capacity in farads, and r 2 — resistance of inductance in ohms, it can be 
shown simply that 

1 1 

1 _ fi ~~ 7o 

f v — 1 1 1 * 

fi~ 7 ? 

where f 0 and /© are the frequencies of the circuit with empty test cell 
before filling with liquids of dielectric constant «* and c„ respectively 
and with the actual circuit constants used. Test of the formula* was 
made by substituting a variable condenser for the test cell and pro¬ 
gressively adding capacity in steps by means of a small fixed capacitor 
(15 pF), measuring the frequency at each step. The relation between 
/” 2 and n, the number of steps, was found to be linear to 1 part in 10,000, 
which for the scale-range used is one vernier division on the wave-meter. 
The capacity range in the tuning circuit of the transition oscillator over 
which the linearity holds is approximately 95-200 pF. 

Chemistry Department, 

Guy’s Hospital Medical School, 

London Bridge, S.E.i. 

* Measurements of the dipole moment of organo-platinum compounds will 
be reported elsewhere. 








REACTIONS BETWEEN FORMALDEHYDE 
AND NITROGEN DIOXIDE 

PART I. THE KINETICS OF THE SLOW REACTION 


By F. H. Pollard and R. M. H. Wyatt 
Received ijth March , 1949 

The non-explosive reaction between nitrogen dioxide and formaldehyde 
has been studied over a range of temperatures between 118 0 C and 184° C. 
It has been shown that up to 160° C the reaction is homogeneous and the rate 
proportional to p HOHO • Pnov The value of k is given by 
k — io 71 e ~ 15.100 IRT i /molc S ec. 

The products of the reaction are mainly NO, CO, CO E and H a O, with possibly 
some N* and N t O, but no hydrogen was observed among the gases. The ratio 
CO/CO a was practically constant throughout the course of the reaction. A 
possible mechanism is suggested to account for the experimental results, and 
attention is drawn to the low values of the B factor for other reactions involving 
NO*. 

Above 160'’ C there appears to be some change in mechanism, for which 
h is estimated to be io 9 e I 9 ,ooo/Rr ( and st jp higher temperatures the reaction 
becomes explosive. 


In studies of gas-phase oxidative reactions, nitrogen dioxide, as the 
main oxidizing agent, has received very little attention, though of course 
it is well known that the addition of small quantities of nitrogen dioxide 
has a marked effect on the kinetics of the oxidation of hydrogen, carbon 
dioxide, etc., by oxygen. Only two reactions involving oxidation by 
nitrogen dioxide have been reported in any detail, namely the oxidation 
of carbon monoxide 1 and sulphur dioxide 2 respectively. 

The oxidation of organic molecules by nitrogen dioxide is of particular 
interest in elucidating the mechanisms involved in the thermal decom¬ 
position of nitric esters. It has been suggested 3 * 4 * 616 * that the primary 
process in such decompositions is the breaking of the O—-NO* bond. 
The remaining alkoxy fragments give rise to alcohols and aldehydes. 7 8 
These alcohols and aldehydes react with the nitrogen dioxide formed in 
the primary process to give oxides of carbon, and lower oxides of nitrogen. 

These papers deal with the slow and explosive oxidation of the simplest 
aldehyde, viz. formaldehyde by NO*. 

Experimental 

Materials. —Formaldehyde. —Monomeric formaldehyde was prepared by 
the method of Spence and Wild,® and stored at liquid air temperature. 

Nitrogen Dioxide. —Liquid nitrogen tetroxide supplied by the I.C.I. Ltd. 
was sublimed in vacuo, and stored at — 80 0 C. 

1 Crist and Brown, J. Chew. Physics, 1941, 9, 840. 

2 Illarionov, J, Physic, Chem. Soc. Russ,, 1940, 14, 1428. 

3 Robertson, J. Chem. Soc., 1909, 1241. 

4 Appin, Chariton and Todes, Acta Pkysicochim., 1936, 5, 655. 

5 Phillips, Nature, 1947, 753 - 

• Adams and Bawn (forthcoming publication). 

" Steacie, Atomic and Free Radical Reactions (Reinhold, 1946), p. 141. 

8 Spence and Wild, J, Chem . Soc., 1935, 338. 
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Procedure. —Since the reaction involved an increase in the number of 
molecules, a manometric method was used. The increase in pressure was 
observed at constant volume and temperature, using the apparatus as shown 
in Fig. 1. 



The reaction vessel was a double-walled one made of Hysil glass. Mercury 
was introduced into the space between the walls and this acted as a heating 
liquid and formed part of the thermostatic control. This vessel was placed in 
a wire-wound resistance furnace, and the temperature could be controlled to 
o-2 or better during the course of an experiment, as indicated by the thermo¬ 
couple in the centre of the reaction vessel. 

Pressures were measured with a glass spiral gauge, 9 since nitrogen dioxide 
attacks mercury. This gauge was fitted with two mirrors, Mj and M a : one 
mirror reflected on to an external scale for use when admitting gases and the 
other on to a revolving drum for photographically recording the increase of 
pressure during an experiment. 

The procedure for an experiment was as follows. After thoroughly evacuating 
the whole'system, a zero line was put on the recording paper. Air was admitted 
to the manometer side through a very fine jet until the required pressure was 
shown on the mercury manometer. The formaldehyde gas was admitted to 
the reaction vessel until the spiral returned to its zero position, as indicated by 
a light reflected on to the external scale S. This procedure was repeated with 
the NO 2 , which was admitted as quickly as possible. A complete record of the 
pressure increase in the vessel was thus obtained, being time-marked every 
minute by a synchronous motor timing device. This timing was periodically 
checked with a stop-watch. Any correction for overshooting the admittance 
of nitrogen dioxide could be determined from the photographic trace. 

The glass tubing leading from the reaction vessel to the tap T, and from there 
to the formaldehyde tube, was electrically heated above 100 0 C to prevent 
polymerization of the formaldehyde, and condensation of water produced in 
the reaction vessel. All taps which came into contact with nitrogen dioxide 
were greased with a special preparation of a mixture of polyisebutenc and 
polythene in liquid paraffin, which was resistant to attack by this gas. 

At the end of each reaction, or after any period of reaction, the hot gases 
were quickly admitted to a trap cooled in liquid air, when the non-permanent 
gases CO a , H t 0 , CH a O, NO f and some NO were condensed. The CO and the 
rest of the NO w^ere pumped off with a Toepler pump and collected. The liquid 
air bath was replaced by an acetone-carbon dioxide bath, and the CO a and the 
rest of the NO were pumped off and collected. In this way H a 0 and unchanged 

9 Yorke, /. Sci. Instr., 1945, 22, 196 and 1948, 2$, 16. 
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CH t O and NO, were left behind in the traps, and no attempt was made to 
analyze this residue. The collected gases were analyzed for CO, CO, ’ 

CO by oxidation to CO, bv CuO at 500°, followed by absorption m KOH; CO, by 
absorption in KOH ; and NO by chromous chloride solution. There was no 
convincing evidence of the presence of hydrogen. 

Results 

Results obtained with different reaction vessels, and in vessels packed with 
small pieces of Hysil tubing, or coated with cryolite showed that the reaction 
was not dependent on the surface. No difference in the composition of the 
resultant gases was found in the packed or coated vessel. Additions of nitrogen, 
argon, and helium did not have any marked effects on the reaction rate. 

TABLE I —i-CH 0 / 2 N 0 2 Mixture. 

Temp. 150 C 


Rate in rm. H* per min. 
Initial!} 

^NOj ' ^CH a O 

0*25 

14*9 

0*41 

20*9 

0*63 

30*0 



Fig. 2. 

A. Order with respect to nitrogen dioxide. 

B. Order with respect to formaldehyde. 

Some experiments in vessels coated with potassium chloride did, however, 
show that the reaction rate was reduced to about one-third of that in the un¬ 
treated vessel, but the gaseous products in general were the same. 

The Order of the Reaction. —The course of the reaction at 150° C for 
a series of different initial pressures of a 1 CH a O/ 2 N 0 2 mixture showed that 
the total order of the reaction, as deduced from the influence of pressure on the 
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initial rate of reaction, is 2 (Table I). The effect of varying the initial concen¬ 
tration of one of the reactants while the other was in excess showed the rate 
to be proportional to the first power of the formaldehyde concentration and also 
to the first power of the nitrogen dioxide concentration (Fig. 2). 

Composition of the Gaseous Products. —Analysis of the gases formed at 
different stages in a iCH f 0/2N0 a mixture at 154' C showed that the ratio 

remained approximately constant throughout the course of the 

(CO + CO a ) 

reaction. The average value of the ratio at this temperature was 0*60. 


TABLE II 


Time after start in min. 

5 

10 

15 

20 

30 

40 

00 

Ratio .... 

0*58 

o*6i 

o *59 

0-62 

O'60 

o*6i 

o -59 

_ 


CO 

It was also observed that the ratio . ----- had a slight tendency to 

(CO -f- tUj|) 

increase as the temperature increased, from an average value of 0-58 at too 1 C 
to 0*63 at 220° C. At the end of all experiments under different conditions 
of total pressure and temperature, the final gaseous products were analyzed, 
the average analysis being NO, 57*5 % ; CO, 25-5 % ; C 0 2 , 17*0 %. A check 
on the carbon balance at different temperatures showed that all the carbon in 
the initial formaldehyde was converted into carbon monoxide and carbon 
dioxide. 

TABLE III 





Total Volume in 

i alculatetl Volume 

'l cmp. °C 

p CH 2 0 (mi. Hg) 

^so 2 

cm.* of Carbon 
Oxides 

in cm.* of Carbon 
Oxnles 

12S 

T O * < J 7 

20*13 

7*54 

7*3 

136 

TO-OO 

20*12 

7*53 

7*42 

L 5 * 1 

10*12 

20*00 

7*°5 

7*iS 

*73 

10*15 

20*05 

7*07 

6*87 


A similar check of the nitrogen balance indicated that most of the nitrogen 
dioxide formed nitric oxide, and there was always a small residue of unabsorbed 
permanent gas which was assumed to be nitrogen. 

TABLE IV 


Temp. °C 

p C H s O (cm. H n) 

Lno 2 

Volume of NO 
(cm. 3 ) 

Cal. Vol. of NO 
(cm. 3 ) 

154 

21*20 

20*00 

13*69 

14*2 

*54 

6 

j Ui 

i _ 

1 

21*00 

ii*5l 

14*2 


Determination of the Velocity Constant and Activation Energy.— 

The rates of reaction ior the iCH,0/2N0 a mixture were studied over a range of 
temperatures from 116-184' C. The increase of pressure was due to the forma¬ 
tion of steam, since no volume change occurs when each molecule of formalde¬ 
hyde is oxidized to oxides of carbon and each molecule of nitrogen dioxide is 
reduced to nitric oxide. The rate of pressure increase was therefore a measure 
of the rate of disappearance of CH a O, and could be used as a measure of the 
reaction rate. 
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If A P is the pressure increase after time /, for a reaction when the initial 
pressure of CH,0 «* P c and the initial pressure of NO, = P v , then the pressure 
of formaldehyde at time t 

- (Pc) t -Pc- Ai>. 

The pressure of nitrogen dioxide at time t 

= Ph - (2 - *)A P. 

CO 

where “ “ (CO+W 

Values of the velocity constant k were thus determined by plotting dpjdt 
against the product (P c ) f . (Pa) t , when straight lines were obtained. By the 
method of least squares, the following kinetic expression was obtained from 
Fig. 3: h — io 7,1 e — 15 »000 JRT j mole” 1 sec. -1 . 



Fig. 3. —Influence of temperature on the speed of reaction. 


Discussion 

Since this homogeneous reaction between nitrogen dioxide and 
formaldehyde is of first order with respect to each, the following mechan¬ 
ism was first proposed to account for the experimental results : 

CH,0 + NO, CH,0, + NO . . . (1) 

CH,0, -*’> CO + H,0 . . . (2) 

C1I,C, + NO, CO, + H,0 + NO . . (3) 

For the temperature range which is being considered, calculations from 
the known equilibrium constants for 

N 2 0 4 ^ 2NO„ 2NO a ^ 2NO + o, and NO + NO, ^ N a O„ 

showed that the gas present was essentially nitrogen dioxide. 

The intermediate, CH 2 0 2 , could be considered as either formic acid 
or a peroxide isomeric with formic acid. If it is the former, then one 
might have expected to find hydrogen in the products, especially as formic 
acid decomposes heterogeneously at 200° C in two ways, simultaneously 
yielding either carbon monoxide and water, or carbon dioxide and 
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hydrogen. 10 On the same grounds, an atom-radical mechanism like that 
proposed for the oxidation of formaldehyde with oxygen by Axford and 
Norrish 11 does not seem applicable at these temperatures, though of 
course this is not ruled out at higher temperatures. The slight decrease 
in rate using a potassium chloride surface might point to the intermediate 
having a peroxide nature, though this decrease could also be explained 
as due to the loss of nitrogen dioxide through the conversion of potassium 
chloride into potassium nitrate, a reaction which has recently been re¬ 
ported upon by Russian workers. 12 

Since the ratio of C 0 /C 0 2 is almost constant throughout the course 
of the reaction, then reactions (2) and (3) proceed at a constant relative 
rate, and since the rate of the overall reaction has been shown to depend 
on the product of the concentration of CH a O and N 0 2 , reaction (1) is 
the slow, rate-determining reaction, while reactions (2) and (3) are fast. 
If this is so, then 

d(CO) __ k t 
d(CO)+d(CO a ) - k\ + A 3 (N6 t )' 

and since CO/(CO -f- CO a ) — o*6, then k l lk z — 3/2. Consequently the 
ratio would be expected to change as the reaction proceeded, or with 
different initial pressures of nitrogen dioxide. This was not so during 
the course of the reaction or with iCH 2 0 /iN 0 2 mixtures, when all the 
nitrogen dioxide is used up and some formaldehyde is left unoxidized. 
The reactions (2) and (3) do not satisfy the experimental results, unless 
one postulates that the breakdown of the intermediate is sensitized by 
nitrogen dioxide, when reaction (2) becomes 

CH a O a + NO a CO + H a O + NO a . . . (2 a) 

An alternative mechanism could involve the formation of a binary 
complex between formaldehyde and nitrogen dioxide, which can undergo 
sensitized decomposition by nitrogen dioxide, or oxidation by nitrogen 
dioxide, thus 

CH a O -f NO a (CH a O . NO a ) . . . (4) 

(CH ,0 . NO,) + NO, A. CO + H ,0 + NO + NO, . (5) 

(CH ,0 . NO,) + NO, CO, + H ,0 + 2NO. . . (6) 

There is some justification for (4) and (5) from unpublished work on the 
decomposition of ethyl nitrate. 

Applying the stationary state principle to the intermediate complex : 

A 4 (CH a O)(NO a ) = (*. + £«)(CH a O . N 0 2 )(N 0 2 ). 

Since dpldt = d(H a O)/d* = {k h + A.)(CH 2 0 . N 0 2 )(N 0 2 ), 
then dpjdt « * 4 (CH a O)(NO a ), 

which agrees with the second-order relationships. 

Also, 

d(CO) __ * 5 (CH a 0 .N 0 2 )(N 0 2 ) 

d(CO) + d(CO a ) ' £ 6 (CH 2 0. NO a )(NO a ) -f * 6 (CH 2 0 . N 0 2 )(N 0 2 )‘ 

___^5_ 

k 6 kt 

i.e. independent of nitrogen dioxide concentration, which would agree 
with our experimental results. 

If, after a time t, a fraction a of the formaldehyde is converted to 
carbon monoxide by reactions (4) and (5), then (1 — a) will be converted 
into carbon dioxide by (4) and (6). (2 — a) molecules of nitrogen dioxide 

10 Hinshelwood and Topley, Proc . Roy. Soc. A, 1922, 100, 575. 

11 Oxford and Norrish, ibid., 1948, 192, 518 . 

11 Epshtein, Chirkova and Papulova, Khim, Prom., 1947, No. 4, 5. 
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are needed, so that the pressure of unchanged formaldehyde at time t is 
P e — A P, and the pressure of nitrogen dioxide is P N — (2 — a)AP. 

Since the value of a is o-6o, then the stoichiometric mixture is 
iCH 2 0/i* 4N0 2 , that is, 42 % CH 2 0/58 % NO a (see typical gas analysis 
of products), which can be represented by the overall equation : 

5 CH 2 0 + 7N0 2 -> 3CO + 2CO a + 7NO + 5H a O. 

As has been mentioned before, the value of a increases slightly with tem¬ 
perature, This presumably means that reaction (5) has a slightly higher 
activation energy than (6). 

Many workers 18 have attempted to explain the effect of nitrogen 
dioxide on the oxidation of hydrogen and carbon monoxide, by the use 
of the intermediate NG S in their suggested mechanisms. Consideration 


of such steps as 

2NO a ^ 2NO + Q 2 . . . (7) 

NO + C) 2 NO,.(8) 

CH a O + NO a -> CO + H 2 0 -I- NO . (9) 

CH 2 G -f NO a -* C 0 2 + H a O + NO . . (10) 

CO + N 0 3 CO a + NO a . . . (11) 


did not lead to relationships which could be explained by our present 
data. 

The activation energy plot has a break at about 160° C. The value 
for the rate constant above this temperature, as far as the restricted data 
will allow, is given by 

& — 10 9 e-iv,oooiKu\ 

Above 180° C the slow reaction changes to an explosive oxidation char¬ 
acterized by fairly sharply defined limits of temperature and pressure, 
details of which are given in Part II. 

Crist and co-workers 1 have found in their studies on the sensitization 
of carbon monoxide with nitrogen dioxide, that above a certain pressure 
of nitrogen dioxide (10 mm. Hg) the reaction becomes homogeneous. 
Over the temperature range of 225 0 C to 527° C the value of the kinetic 
expression for the reaction, CO -f N 0 2 -> C 0 2 4- NO is 
h = io 8 ‘* 8 e —27,800/RT i, mole - 1 see.- 1 . 

The decomposition of nitrogen dioxide u * lfi is also homogeneous and 
follows a second-order law. The rate can be expressed by the equation, 
k = io 8 * 9 e “ 25 ,ooo/rt p mole- 1 sec." 1 
over the temperature range 200-400° C. 

The B factor for second-order reactions is usually io 10 -io l * when 
expressed in 1 . mole- 1 sec.- 1 units. Thus, all these reactions involving 
nitrogen dioxide have a rather low B factor. 

A break in the activation energy plot has been observed by Illarionov * 
for the reaction between sulphur dioxide and nitrogen dioxide, at about 
150° C, and the activation energy above 150° C is 24,500 cal. Below 
150° C the activation energy is not given, but must be similar to our 
value of 15,000 cal. The temperature range 150-160° C coincides with 
that at which the decomposition of nitrogen dioxide into nitric oxide and 
oxygen is discernible but the rate is very slow. 

For the photochemical oxidation of formaldehyde, Style and Sumners 1# 
found a change in mechanism and products for the reaction above 150° C, 
but there is no evidence for a change in products in the reaction we have 
studied. It is also interesting to note that Snowden and Style 17 found 

18 Lewis and von Elbe, Combustion, Flames and Explosions of Gases 
(Cambridge Univ. Press, 1938). 

14 Bodenstein and Ramstetter, Z. physik. Chem., 1922, 100, 106. 

15 Kassel, Kinetics of Homogeneous Gas Reactions (Reinhold, 1932), p. 156. 

16 Style and Summers, Trans. Faraday Soc., 1946, 42, 388. 

17 Snow'den and Style, ibid., 1939, 35, 426. 
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that vessels treated with concentrated nitric acid appeared to produce 
the least changeable surface in the oxidation of formaldehyde by oxygen. 

Further work on the oxidation of organic molecules by nitrogen 
dioxide is being carried out in this laboratory, using a technique involving 
the simultaneous measurement of pressure increase and colorimetric 
estimation of nitrogen dioxide. Preliminary work with formaldehyde 
confirms the results reported in this paper. 

Dept, of Chemistry , 

University of Bristol. 


REACTIONS BETWEEN FORMALDEHYDE 
AND NITROGEN DIOXIDE 

PART II. THE EXPLOSIVE REACTION 


By F. H. Pollard and P. Woodward 
Received iyth March , 1949 

In the region of 180° C the slow reaction between nitrogen dioxide and formal¬ 
dehyde becomes explosive. Evidence is presented to show that this explosive 
reaction is thermal in character. Curves correlating the limiting explosion 
pressure with temperature are given, and analyses of the gaseous products 
show that the ratio of nitric oxide to nitrogen increases with increasing tem¬ 
perature, while the amount of carbon dioxide obtained remains approximately 
constant. 


Nitrogen dioxide is one of the products formed in the thermal de¬ 
composition of nitric esters, and consequently the importance of its ex¬ 
plosive reactions with other molecules also likely to be present in the 
decomposition, is self-evident. This paper describes the nature of the 
explosive oxidation of formaldehyde by nitrogen dioxide, and is comple¬ 
mentary to the work of Pollard and Wyatt on the slow reaction between 
these two gases. 

Experimental 

The gases were prepared and stored as described in Part I of this paper. 1 
Reactions were carried out in a cylindrical reaction vessel, sealed at one 
end with an optically-plane glass face for purposes of observation. At the 
other end, a glass spiral pressure gauge was sealed, together with a single-way 
tap for admission of gases. The gauge was used as a null-point instrument, 
and in all experiments the formaldehyde w*as admitted first, owing to the diffi¬ 
culty of handling this material and of obtaining the large pressures which are 
necessary for rapid admission. A pre-determined quantity of nitrogen dioxide 
was then admitted as rapidly as possible and the result observed. 

The Critical Explosion Limit. —With increasing temperature, the gaseous 
oxidation of formaldehyde by nitrogen dioxide increases in rate, and in the 
region of 180° C passes over into an explosive process characterized by sharply 
defined limits of temperature and pressure, below which no explosion occurs. 
The critical values depend upon the composition of the mixture. Considerable 
skill was necessary to admit the nitrogen dioxide, both quickly and accurately, 
using this technique, although the induction period before explosion is, of course, 
a maximum at the critical pressure. Consequently, if explosion occurred before 
all the nitrogen dioxide had been admitted, it was assumed that the pressure 
intended was almost certainly higher than the critical one. In all cases, the 
limit was obtained by finding the critical explosion pressure for a mixture of 
given composition at a fixed temperature ; the limit was approached from 
both sides. 

1 Pollard and Wvatt. Trans. Faraday Soc. (preceding paper). 
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Results 

The critical pressures necessary for explosion to occur were first determined 
at several temperatures for a mixture of given composition. The points lie 
on a smooth curve. Similar series of points were then determined for other 
mixtures, and the curves in Fig. i are the graphical representation of results. 



Fig. x.—Explosion limits. 

(a) 2N0 2 /iHCH0 (b) xNO,/iHCHO 

(c) 4 NO a /iHCHO (d) iNO a /2HCHO. 

To determine whether the explosion is the result of a thermal process or a 
branchcd-chain mechanism is by no means easy, since so many variables affect 
both in a similar way. The results so far obtained suggest, however, that a 
thermal process is more likely. 

Effect of Inert Gases. —When the explosion limits are determined in 
presence of an inert gas, changes in the critical pressure are observed, as shown 
in Table I. Whereas helium has a very marked effect in raising the pressure 

TABLE I. — Effect of Inert Gas Addition 


Temp. 

°C 

Mixture 

HCHO/NO, 

Pressure of 
Mixture (cm.) 

Pressure of 
Inert Gas added 
(cm.) 

Result 

Explosion Limit 
in Absence of 
Inert Gas (cm.) 

203 

i/* 

36-8 

He 87 

No flame 

32*7 

201 

1/2 

37'6 

He 4-1 

No flame 

34 * 1 

20 X 

i/t 

30*2 

None 

Flame 

34 *i 

202 

1/2 

37 *i 

He i* 4 

No flame 

33-2 

I98 

1/2 

44*7 

He 3-8 

No flame 

3^7 

201 

1 /* 

37*7 

A 17 

Flame 

34 *i 

201 

i/i 

34*5 

A i*9 

Flame 

34 *i 

201 

1/2 

3 i *5 

A i*8 

No flame 

34 *i 

202 

1 it 

33*8 

A 17 

No flame 

33*2 


limit at any given temperature, argon, however, is by no means as effective. 
If the explosion is thermal, this is explained by the very high thermal conduc¬ 
tivity of helium as compared with argon. 
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If the mechanism involved propagation by chains the reverse effect might be 
expected. 

Effect of the Nature of the Vessel Walls. —Coatings of cryolite and 
of potassium chloride were put on the vessel walls and the experiments repeated. 
Practically no change in the explosion limits was observed, as the values given 
in Table il show. This again is evidence in favour of a thermal explosion. 

TABLE II.— -Effect of Vessel Walls 


Temp. 

c C 

Mixture 

HCHO/NO, 

Total Pressure 
(cm.) 

Walls 

Result 

Explosion Limit 
in Glass Vessel 
(cm.) 

201 

1/2 

35‘9 

KC1 

No flame 

34*1 

201 

1/2 

38*7 

KOI 

Flame 


201 

if* 

3 f >-7 

KC1 

Flame 


2or 

1/2 

36*0 

KCl 

No flame 


200 

* 1 * 

37'4 

Cryolite 

Flame 

34 ' 8 

200 

1/2 

33*4 

,, 

No flame 


200 

1/2 

36*3 

,, 

Flame 


200 

I /* 

34’8 

,, 

No flame 


200 

l / 2 

35‘4 

,, 

Flame 


200 


35*8 


Flame 



Gaseous Products of the Explosive Oxidation.— Analyses were carried 
out after a few explosions, using 2NO a /iHCHO, according to the methods out* 
lined in Part I of this paper. The gas obtained was analyzed for hydrogen, 
nitric oxide, carbon monoxide and carbon dioxide. The permanent-gas residue 
was assumed to be nitrogen. 

In no case was any appreciable amount of hydrogen found, but the amounts 
of other gases showed a general trend—depending on the temperature—as 
Table III indicates. 

TABLE III.— Analysis of Gaseous Products of the Explosive Oxidation 


Temp. 

V 

Total Pressure 
(cm.) 

% NO 

; 

% CO 

% CO, 

% N, 

397 

42-4 

19-6 

3-3 

42-1 

35-3 

200 

35*4 

25 r 

5-9 

39-8 

27*6 

-231 

17-8 

32-6 

8-2 

41*8 

17*3 

273 

14*4 

44-6 

i*i 

1 

40*6 

12-3 


Discussion 


A thermal explosion occurs when the rate of transference of heat 
away from the reaction zone of a gas is insufficient to prevent the tem¬ 
perature of the gas rising, and thereby increasing the rate of reaction to 
an uncontrollable extent. Mathematical treatment of this process 2 
leads to a relation of the type 


ln ( r .) = zsf, + const -’ 


where p a is the critical pressure at temperature T 0 , Unfortunately, 
the dependence of p a on the absolute temperature according to the above 
law cannot be interpreted as an expression of the fact that the explosion 
has a purely thermal character, since the theory of branching chains 
leads to an equation of the same type. 


* Semenov, Z. physik., 1928, 48, 471. 
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Fig. 2 shows the result of plotting log 10 (pa/T 0 ) as a function of i/T 0 
for the formaldehyde-nitrogen dioxide explosive oxidation. The points 
do not lie on a straight line even in the more accurately determined i/i 
mixtures. The curves are decidedly convex to the axis of i/T 0 , although 
the departure from linearity is only slight in the i /i case. The curvature 



cannot be explained as experimental error in this case, assuming the 
technique to be sound, although it is possible that slightly different curves 
would have been obtained by the use of a " premixing ” method. 

A similar curvature of the log (p a /T 0 ) against i/T 0 curve was noticed 
by Appin, Chariton and Todes in their work on the thermal decomposition 
and explosion of methyl nitrate vapour. 8 In this paper the thermal 
nature of the explosion was established. 

Acknowledgment is made to the Chief Scientist, Ministry of Supply, 
for permission to publish Parts I and II of this work. 

Department of Chemistry , 

University of Bristol. 

3 Appin, Chariton and Todes, Acta Physicochim., 1936, 5, 655. 


THE EXTENT OF DISSOCIATION OF SALTS 
IN WATER 

PART XI. CALCIUM AND BARIUM THIOSULPHATES AND 
BARIUM BROMOACETATE 


By C. W. Davies and P. A. H. Wyatt 
Received 8 th April, 1949 

Thu dissociation constants in water of calcium and barium bromoacetates 
and thiosulphates are reported. From measurements at two temperatures 
values of A H and AS are derived for the electrolytic dissociation of barium 
thiosulphate. 
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The dissociation constants of these salts were required for the work 
reported in the following paper, and have been obtained by the solubility 
method described in earlier communications. 1 ' 1 * Barium thiosulphate was 
studied at 25 0 and 35 0 C, the other salts at 25 0 only. 


Experimental 

Barium iodate monohydrate crystals of suitable size for the solubility measure¬ 
ments were prepared by slow dropwise addition of solutions of A.R. BaCl, and 
KIO a to a large volume of water. Calcium iodate hexahydrate was prepared 
in a similar way. The Na a S s O s was an a.r. sample that had been recrystaliizcd 
and dried over a saturated CaCl 3 solution. Sodium bromoacetate solutions 
were made up by neutralizing with standard NaOH solution a sample of the 
acid which had been redistilled at 15 mm. pressure and stored in the dark over 
cone. H 3 S 0 4 . 

The saturator was of the type used in previous work 8 and was immersed in 
a thermostat maintained at 25° ± o oi°, or 35° ± 0*02°. Samples of saturated 
solution were withdrawn in warmed pipettes and analyzed volumetrically for 
iodate. 


Results 

The experimental results are given, in millimoles per litre, in the first two 
columns of Tables I-IV ; s is the solubility, c the concentration of added salt. 
Duplicate determinations of the calcium iodate solubilities agreed to within 
o*i % with the less soluble barium salt the deviations were occasionally slightly 
larger. Solubilities in pure water were determined at intervals throughout 
the work, and are shown at the head of the Tables. That of calcium iodate is 
in complete agreement with previous work.* For barium iodate at 25 0 C the 
value 8*12 X io“ 4 * mole/ 1 , was obtained ; previous values in the literature are 
8-n 4 and 8*177 5 X io~ 4 , and Macdougall and Davies 1 found 8*10 x io~ 4 
at 24*93° C. 

It has been shown previously that saturated solutions of calcium and barium 
iodates contain small quantities of CaI 0 3 + and BaI 0 8 + respectively; and the 
dissociation constants of these intermediate ions have been determined from 
conductivity measurements. 1 * 2 Further, it has been found 6 that if allowance 
is made for these, and in salt mixtures for any other association products, 
the solubilities of calcium and barium iodates are accurately expressed, up to 
an ionic strength of o*i, by the equation : 


log [M**][IOJ]* = log 5 . - log/'- - log S 0 + 3-oj—^ - 0-20/ j. (1) 

Here [M“] is the concentration in moles per litre of the calcium or barium ion, 
S 0 the solubility product and / the ionic strength. Our measurements in water 
give S 0 — 7*119 X io~ 7 for calcium iodate, and S 0 — 1*506 x io~* for barium 
iodate at 25° C. 

This equation is the basis of the calculations recorded in the later columns 
of the Tables. For instance, in sodium bromoacetate solutions saturated with 
barium iodate the possible products of ion-association are NaI 0 3 , Bal 0 3 + and 
BaBrAc + ; the further association of the intermediate ions will be negligible at 
the concentrations considered, and sodium bromoacetate, like the chloroacetate, 7 
can be assumed to be completely dissociated. The dissociation constants of the 
two first-named are known from previous work , 1 * 6 Knbioj -- 3*0, jKBaio a 0*08, 

1 Macdougall and Davies, /. Chem. Soc., 1935, 1416. 

2 Wise and Davies, ibid., 1938, 273. 

8 Money and Davies, ibid., 1934, 4 °°* 

4 Keefer, Reiber and Bisson, J. Amcr. Chem. Soc., 1940, 62, 2951. 

8 Naidich and Ricci, ibid., 1939. 61, 3268. 

* Davies, J. Chem. Soc., 1938, 2093. 

7 Saxton and Langer, /. Amer. Chem. Soc., 1933, 55 > 3638. 

8 Davies, Trans. Faraday Soc., 1927, 23, 351. 



DISSOCIATION OF SALTS IN WATER 


77 2 

and we therefore have three equations that must be simultaneously satisfied, 
eqn. (i) and the following : 

log [Ba"][IO^ = log [BaKV] + log o-o8 + 2 _ 0 -2o/| . (2) 

log [Na-][IO'1 = log [NaIO s ] + log 3-0 + “ o.20/| . (3) 

Solving these three equations by successive approximations gives, by difference, 
the concentration of BaBrAc + , and the dissociation constant of this intermediate 
ion is then obtained from an equation similar in form to eqn. (2). The dissoci¬ 
ation constants calculated in this way are shown in the last columns of the 
Tables. 


TABLE I.— Solubility of Barium Iodate in Sodium Bromoacetate 
Solutions at 25 0 C 


c 

s 

[NaI0 3 ] 

[BalCV] 

[BaBrAc + ] 

/ 

ATBaBrAc + 

0 

0*812 

— 

0*013 

_ 

0*0024I 

_ 

10*00 

0*920 

0-005 

0*013 

0*010 

0*0I27I 

0 *5? 

15*00 ! 

o-954 

0-007 

0*013 

0*012 

0*01781 

o*6 9 

20*00 

0*986 

0*010 

0*013 

0*021 

0*02288 

°-5o 

25*00 

1*012 

0*012 

0*013 

0*024 

0*02795 

0*54 






Mean K : 

0*57 


To interpret the solubilities in sodium thiosulphate solutions the dissociation 
constant of the NaS a CV ion is required. This has not been determined, and 
we have assumed it to have the same value as the NaS0 4 " ion,® viz. K «-,* 0*20. 


TABLE II.— Solubility of Barium Iodate in Sodium Thiosulphate 
Solutions at 25 0 C 


c 

s 

[NalOj] 

[BalCV] 

[NaSjjOs 

[BaS a 0 8 ] 

/ 

•A B&S] 0 ] 

5-025 

1*022 

0*005 

0*012 

0*138 

0*217 

0*01696 

0*00609 

8*030 

1*097 

0*008 

0*012 

°* 3 1 7 

0*288 

0*02556 

0*00605 

10*050 

I-I 37 

0*011 

0*012 

0*479 

0*321 

0*03128 

0*00615 

15*080 

1-223 

0*016 

0*011 

0-933 

0*398 

0*04541 

o* 00606 

20*090 

1295 

0*022 

0*011 

1503 

0*463 

005925 

0*00590 



i 




Mean Ii : 

0*0061 


This is supported by the roughly parallel conductivity curves of the two salts, 10 
and we believe it to be sufficiently accurate for the purpose. 


TABLE III. — Solubility of Calcium Iodate in Sodium Thiosulphate 
Solutions at 25 0 C 


c i 5 

[NaIO s ] 

[CaKV] 

[NaS 2 CV] 

[CaS,Oj] 

/ 

A'cttSjOj 

0 | 7*840 

_ 

0*482 


_ _ 

0*0226 

_ 

7*235 1 8*907 

0*056 

0-463 

0*200 

I*089 

0*0427 

0*00897 

10-853 ; 9*303 

0*085 

0-455 

0*421 

1-484 

0*0527 

0*00857 

11*566 | 9*367 

0*091 

0*454 

o*474 

1-518 

0*0548 

0*00900 

14*148 , 9*613 

0*1 II 

0-451 

0*683 

1*722 

0*0620 

0*00907 

I 5'43° j 9*749 

0*122 

0*449 

0*794 

1*886 

0*0654 

0*00866 

j 





Mean K: 

0*0089 


• Righellato and Davies, ibid., 1930, 26, 592. 
10 Int. Crit. Tables, VI, 236, 247. 
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The results of the calculations at 35 0 are less reliable than those of the pre¬ 
ceding Tables, as the necessary dissociation constants of NaI 0 3 , BaIO a + and 
NaS t O s - have not been determined. We have assumed them to be 10% lower 
than at 25 0 , an approximate rule that is in agreement with the data so far 
available for other salts. 11 


TABLE IV.— Solubility of Barium Iodate in Sodium Thiosulphate 
Solutions at 35° C 


c 

5 

[NaI 0 8 ] 

[BalCV] 

[NaS a O„-] 

[BaS a O,] 

/ 

itBaSjOs 

0 

1*049 

■ 

0*023 

_ 

_ 

0*00310 

_ 

5*oio 

1*322 

0*007 

0*021 

0*I46 

0*302 

001745 

0*005I 

8*016 

I- 4 I 5 

0*012 

0*021 

0-336 

0*382 

0*02603 

0*0054 

10*020 

1*467 

0*015 

0*021 

0'49.5 

0*427 

0*03171 

0*0054 

15*03 

1-579 

0*023 

0*020 

0-985 

o-534 

0*04569 

0*0053 

20*06 

i*68o 

0*030 

0*020 

1-587 

0*624 

0*05948 

0*0051 



! 




Mean K : 

0*0053 


Discussion 

The mean dissociation constants are collected in Table V, which also 
includes for comparison the dissociation constant of calcium bromo- 
acetate. 12 As in previous work 13 the organic salt of barium is consider¬ 
ably stronger than that of calcium, whereas with the thiosulphates, like 
the nitrates and iodates, the order is reversed. The two determinations 
at 25 0 and 35 0 lead to the value A H — — 2600 ± 400 cal./g.-mole for 
the dissociation of barium thiosulphate, and combining this with 
— — RT In K — 3020 cal. gives A 5 288 .j — — 18*8 cal./deg. for the 
dissociation. 


TABLE V 


Ion-Pair 

Temp. X 

K 

a 

CaBrAc + . 

25 

0*28 

5-8 

BaBrAc* . 

25 

o -57 

6*8 

CaS a 0 3 

25 

0*0089 

6*4 

BaS a O a 

25 

0*0061 

4 ‘ 9 j 

BaS a O s . 

35 

00053 

4 - 8 0 


The last column of the Table gives values in angstrom for the mean 
ionic diameters, derived from the A"s by BjemmTs equation 14 for ion- 
pair formation. Individually they are of reasonable magnitude, but of 
course they reflect the reversal of order already noted. The two values 
for barium thiosulphate differ by more than the probable experimental 
error ; in fact, the electrostatic treatment of ion-pair formation, using the 
normal value of the dielectric constant of water, predicts a A H value 
less than one-half of that found experimentally and an entropy change 
much smaller than the figure quoted above. 

Edward Davies Chemical Laboratories , 

Aberystwyth, Wales. 

11 Davies and James, Proc. Roy. Soc. A, 1948, 195, 116 ; and unpublished 
results. 12 Robertson (unpublished). 

18 Topp and Davies, J. Chem. Soc., 1940, 87. 

14 Bjerrum, Kgl. Danske Vid. Selsk. Math-fys. Medd., 1926, 7, 9. 
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IONIC REACTION RATES AND 
THE INCOMPLETE DISSOCIATION OF SALTS 

PART I. THE BROMOACETATE-THIOSULPHATE REACTION 


By P. A. H. Wyatt and C. W. Davies 
Received 8 th April, 1949 

The kinetics of the reaction between barium bromoacetate and barium 
thiosulphate has been studied at 15 0 and 35 0 C, and the results have been 
combined with the published figures for the calcium and barium salts at 25 0 C. 
The results have been analyzed, using the dissociation data of the preceding 
paper, in terms of the three concurrent reactions : S 2 OJ BrAc', BaS,O g 
-f BrAc', and S,OJ -f BaBrAc. The contribution of the third of these is 
insignificant, but the second gives concordant velocity constants and, in agree¬ 
ment with theory, shows a zero salt effect. BaS 2 0 8 and CaS a O a react at the 
same rate with the bromoacetate ion, the different catalytic efficiencies of the 
two metals being due to the different dissociation constants of the two salts. 
Both the velocity constant and the activation energy of the ion-pair-ion re¬ 
action fall between the values for the ion-ion reaction and the ion-molecule 
(ester) reaction. 


The reaction between bromoacetates and thiosulphates has been ex¬ 
tensively studied by LaMer, von Kiss and Vass and others. 1 " 7 It has 
proved to be uncomplicated and susceptible to accurate measurement 
in very dilute solutions, where the results are in excellent agreement with 
the Bronsted equation : 

i/ = A[S 2 0 ;'|[BrAc'] 

J9 

(/„ / 2 , / 3 being activity coefficients referring to T-, 2- and 3-valent ions 
respectively). At higher concentrations, however, the reaction is in¬ 
fluenced by the cation present, and, in particular, LaMer and Fessenden 
found that the presence of calcium, and still more barium, greatly enhanced 
the reaction rate. 

Effects of this kind have been known for a long time. For instance 
Holmberg 8 in his studies of 14 cation catalysis ” found that the reaction : 

C 2 H 2 Br 2 (COO);' + OH' -* C 2 H 2 (OII)Br(COO);' + Br' 

was greatly accelerated by bivalent cations, only in this case calcium has 
a much greater effect than barium. 

Both LaMer and Kamner 4 and Scatchard 9 have discussed the anomalies 
in the bromoacetate-thiosulphate reaction in terms of the Bjerrum theory 

1 LaMer, J. Amer. Chem. Soc., 1929, 51, 3341, 3678. 

* LaMer and Fessenden, ibid., 1932, 54, 2351. 

8 LaMer and Kamner, ibid., 1931, 53, 2832. 

4 LaMer and Kamner, ibid., 1935, 57, 2662. 

b von Kiss and Yass, Z. anorg. Chem., 1934, 2I 7 > 3 ° 5 « 

• Kappana, J. Indian Chem. Soc., 1929, 6, 45. 

7 Kappana and Patwardhan, ibid., 1932, 9, 379. 

8 Holmberg, Z. physik. Chem., 1912, 79, 147. 

9 Scatchard, /. Chem. Physics, 1939, 7, 657. 
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of ion-pair formation, 10 but no attempt has been made to develop a 
quantitative treatment. To do so with profit clearly requires a knowledge 
from independent experiments of the extent of ion-association in the 
reaction mixtures, and our object in the present work was to use in this 
way the results of the general treatment of dissociation in salt solutions 
developed in the preceding and earlier papers. For the two reactions 
already quoted the most important effect of the presence of a bivalent 
cation will be its association with the bivalent anion, so that in the bromo- 
acetate-thiosulphate reaction, for instance, an important contribution 
to the total velocity will be expected from the reaction between bromo- 
acetate ions and the uncharged MS a 0 3 . From electrostatic considerations 
this will be the faster process, thus explaining the catalytic effect of multi¬ 
valent cations. Moreover, barium thiosulphate is weaker than the cal¬ 
cium salt, 11 as required by LaMer's results, whereas for the succinates 
the opposite is true, 12 thus accounting for the reversal in the order of 
catlaytic efficiency of the two cations in Holmberg’s reaction. 

In what follows we have attempted a detailed analysis of LaMer and 
Fessenden's results for the BrAc~S 2 0 3 reaction in the presence of calcium 
and barium at 25 0 C ; and we also report new kinetic measurements at 
15 0 and 35° C, which enable us to extend the analysis to cover the effect 
of temperature on the barium-catalyzed reaction. We have taken into 
account all the association products that are present in significant amounts, 
and we have assumed that the separate reactions proceed independently 
by bimolecular mechanisms and contribute additively to the measured 
velocity. It is worth noting that these assumptions receive a searching 
test from the experimental data, for not only must the analysis lead to 
consistent values for the various k’s, but also these separate k’s —which 
refer to reactions of differing ionic type—must each show the character¬ 
istic salt effect required by the Bronsted equation. 


Experimental 

Materials. —Bromoacotic acid was redistilled under 15 nun. pressure, and 
kept in Uie dark over strong sulphuric acid. Barium bromoacotate solutions 
were prepared from this by neutralizing weighed samples with a standard 
baryta solution, and making up with boiled-out distilled water. In this we 
followed the recommendations of earlier workers. We found, however, in 
parallel experiments that dilute solutions of bromoacetic acid are stable over 
many days, and barium salt solutions prepared by neutralizing these gave the 
same results as solutions prepared from the solid acid. The baryta was 
standardized with an HC 1 solution which had itself been standardized both 
with borax anti with the thiosulphate used in the iodometric titrations. The 
barium thiosulphate, a B.D.H. reagent of formula BaS 2 O a . H 2 O f was found 
to be 09-1 % pure in barium and thiosulphate, the remainder being ascribed 
to moisture ; the concentrations of solutions were checked with o-oi N iodine, 
o-oi N solutions of i a and Na a S 2 0 3 were standardized daily against KIO a . 

Method. —In all experiments equimolar solutions of bromoacctatc and 
thiosulphate were used. Suitable solutions were brought to thermal equilibrium 
in a thermostat at 15 0 or 35 0 ± 0*02° C before mixing, and aliquots were 
titrated at convenient intervals with iodine. As recommended by LaMer, the 
samples were run into an amount of iodine just insufficient to neutralize all 
the thiosulphate, and the remaining iodine added to the endpoint. For this 
final stage, 1 g. KI (iodate free) and 5 ml. of 1 % starch were added and the 
volume quickly made up to 200 ml. ; under these standard conditions a con¬ 
sistent blank correction of 0*08 ml. of o*oi N iodine was necessary. 

The volumes of solutions were adjusted for temperature changes on the 
basis that the density differences were the same as that of water. In long 
experiments nitrogen was passed through the solutions after removal of samples. 

10 Bjerrum, Kgl. Danske Vid. SelskMath-fys. Medd., 1926, 7, 9, 

11 Davies and Wyatt, Trans. Faraday Soc., 1949 (preceding paper). 

12 Topp and Davies, J. Chem. Soc., 1940, 84. 


28* 
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Results 

The course of a typical experiment is shown in Table I. 

TABLE I 

0-005 M BaS 3 0 8 -f 0-0025 M Ba(BrAc) t at 35 0 C 


t (min.) 
I a litre 
(ml.) 
k . 


0 

27*55 

1 

28*5 

23-02 

77*3 

17-18 

ioi-6 

15*45 

118-0 

14-27 

850*3 

3*59 

955-6 

3-25 

1148 

2-80 

— 

(i* 38 ) 

i* 56 i 

i* 54 a 

1*577 

I ’ 57 o 

l- 56 » 

i* 54 ( 


The last row of figures gives : 

i- (——^ = k (min." 1 1. mol.~ l ). 
at \ a — x) 

It illustrates an anomaly we have found throughout, especially at 35 0 : this is 
that measurements during the first 25 % conversion give abnormally low con¬ 
stants, even in the slowest runs. No mention of this is made in the literature, 
though LaMer and Kamner's constants 4 at 37*5° also appear to be based on 
measurements at conversions greater than 20 %. 



Fig. 1.— x, -f . The ionic reaction; data of LaMer and Fessenden, and 
of von Kiss and Vass, respectively. 

O. A, <>• The reaction (BaS 2 0 3 4 - BrAc') at 15 0 , 25 0 and 35 0 C. 

Complete results are given in the first two columns of Tables II and III ; 
duplicate runs never differed from the mean value by more than 1 %. 


18 Davies, J. Chem. Soc., 1938, 453 * 
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TABLE II 

Barium Salts at 15 0 C 


M* 

k 

[BaSgOg] 

[BaBrAc-] 

/ 

W) 

t f,h 

hi ■ 77 



0*0005 

0*142 

0*0305 

0*0004 

0*002627 

0*0482 

0*1239 

0*427 

0*416 

0*001 

0*169 

0*097 

0*002 

0-00511 

0*0656 

01337 

0*505 

0*489 

0*002 

0*199 

0*289 

0*005 

0*00983 

0*0883 

0*1482 

0*502 

0485 

0*005 

0*245 

1*090 

0-027 

0-0231 

0-1272 

01774 

0*489 

0477 

0*0075 

0*264 

1*879 

0*054 

0*0336 

0*1483 

0*1955 

o*477 

0-465 


* [S2O3] total = [BrAc] total = M . Total Ba concn. = 1*5 M. 

TABLE III 


Barium Salts at 35 0 C 


M 

k 

[BaSgOgJ 

[BaBrAc-] 

/ 

m 

. hf, 

**' 17 

1 

k 2 

i 

0-0005 

0*917 1 

0*0391 

0*0006 

0-00259 

00479 

0-731 

3*M 

3*08 

o-ooi 

1*03 

0*123 

0 002 

0-00500 

0*0650 

o*793 

(2*74) 

(2*68) 

0*002 

1-27 

o*357 

0-007 

0-00956 

0*0871 

0*877 

3 *ii 

305 

0-005 

1*57 

1*298 

0-034 

0-022 2 

0*1256 

1*045 

3*io 

304 

0-0075 

1-71 

2*220 

0*068 

OO323 

0-1458 

1*146 

3*ii 

3*05 


In addition, one experiment was carried out at 25 0 on a 0-005 M mixture. 
The constant obtained, 0*625 -t 0-002, was in satisfactory agreement with LaMer 
and Fessenden’s value, 0-629. In Table IV our figures are combined with those 

TABLE IV 


Barium Salts at 15 0 , 25 0 and 35 0 C 


M 

°c 

Mean k 

log k 4 I 

E (cal.) 

E (15-35) (cal.) 

0*0005 

15 

014 2 

0383 

0152 

16,930 



25 

0-583 

15,910 

16,450 



35 

0-917 

0-962 



0*001 

15 

OI69 

0-228 

16,770 



25 

0452 

0-665 

(15.030) 

( 15 , 94 °) 


35 

1*03 

1*013 



0*002 

15 

0*199 

0-299 | 

16,460 



25 

0-522 

c 

00 

16,210 

16,350 


35 

1-27 

1-104 



0*005 

15 

0-245 

0-389 

16,100 



25 

0*629 

0*799 

16,670 

16,390 


I 35 

i *57 

1*196 



OOO75 

15 

0*265 

0*422 

16,530 



2 5 

0*696 

0-843 

16,380 

16,470 


35 

1 

1*71 

: 

1*233 

* 
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of LaMer and Fessenden at 25 0 , and in col. 5 activation energies for the two 
temperature intervals are calculated from the formula : 

E = 2-303 RT* m . A log 10 k/AT, 

where T m is the mean temperature. Our figure for the o*ooi M solution at 35 0 
is clearly incompatible with the others. Neglecting this. E — 16,290 ± 230 cal. 
for the interval 25-30°, and 16,360 ± 230 cal. for 15-25 0 . There is no significant 
variation of E with ionic strength for the concentrations studied, as is most clearly 
seen from the last column of the Table, which gives the activation energies calcu¬ 
lated from our own measurements at 15 0 and 35 0 {E mM - 16,415 ± 45 cal.). 


Calculations.—The reaction in the presence of a bivalent cation may be 
analyzed into lour parts involving the pairs ot reactants (S 2 0 £' 4 * BrAc), 
(MS 2 0 3 -f BrAc'), (S 2 ()" 4 * MBrAc*) and (MS 2 0 8 + MBrAc*). We assume 
that these four reactions proceed concurrently with the respective bimolccular 
constants lt v k 2> A 8 , k 4 . It is shown later that the contribution of the 
(SjjOJ 4 - MBrAc*) reaction is only a minor one, and in view of this we can 
neglect the (MS 2 O a 4- MBrAc*) reaction altogether; for the ratio [MS 8 0 3 ]/[S 2 OJ] 
is always small, and also k A may be expected to be less than k 9 on account of 
the difference in the ionic type of these two reactions. If v is the experimentally 
observed rate of the reaction we can therefore write : 


v = Aj[S a on [BrAc'] . [BrAc'] + A s [S a O''] [MBrAc*] . /a / 1 (i) 

J 3 J 1 

By introducing the mass action constants : 

[M"][S.O;] [M**][BrAc']/j __ 

-[MW ' h ~ 1 dnd imSFaFi 

we can re-write the third term on the right-hand side of eqn. (1) and obtain : 

v = Aj[S,OJ] [BrAc'] . M + [MS, 0 ,] [BrAc'] . (2) 


It will be clear from eqn. (2) that k % and /e 3 cannot be separately determined 
from our data ; our primary object therefore will be to analyze the experimental 
rate into the two terms of eqn. (2), and this can be done by means of the dissoci¬ 
ation constants reported in the preceding paper. In parenthesis, it may be 
noticed here that eqn. (2) cannot lead to a second-order overall reaction rate 
—such as is observed experimentally over the greater part of the course of the 
reaction—unless special conditions are fulfilled. These arc that the dissocia¬ 
tion constants of MS 2 0 3 and M(S 2 0 3 )Ac should be approximately the same, 
and similarly for MBrAc* and MBr*. If this is true, the values of [M'*J and 
of the ionic strength will not vary during the course of a run, 15 and in the 
alternative form ot eqn. (2), 


v = [S a O$] [BrAc'] 


/ h-ilif' 

\ /a 


, CM”]/* 2 




none of the terms within the braces will vary during the course of a run, and 
[S,oa and [BrAc'] will remain constant fractions of the total concentration 
of the thiosulphate and bromoacetate radicals ; the measured velocity will 
therefore obey a second-order equation in terms of total concentrations. 

The Reaction at 25° C.—The velocity constant, k v for the reaction be¬ 
tween the free ions is obtained from rhe available data for the sodium and 
potassium salts at high dilutions, where dissociation can be considered complete. 
LaMer and Fessenden pointed out that their sodium and potassium results were 
identical, and that when plotted against they approached the theoretical 
limiting slope at high dilutions. In Curve 1 of the Figure the available log 10 k 
values are plotted against 

/(/) = 1 * 1(1 ’I' I *) - 0-2/. 

This gives a straighter line and enables more points to be taken into considera- 
ation. Curve 1 is drawn with the theoretical slope, 2*04, and leads to the value 
k x ~ 0*247 ( at zer Q ionic strength). 
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Considering now the reaction between the barium salts, the first two columns 
of Table V give LaMer and Fessenden's data. Col. 3 and 4 give the initial 
concentrations in millimoles per litre of the association products, obtained by 
successive approximations from the dissociation constants given in the pre¬ 
ceding paper ; the concentrations of the free ions can be found by difference. 
Col. 5 gives the ionic strength and Col. 6 gives values of /(I). The contribution 
of the first term in eqn. (2), the rate of the reaction between the free ions, can 
now be calculated from the values of k 1 . read from Curve 1 and recorded 

in Col. 7 ; the contribution of the second term is next found by difference, and 
leads to the values of A' a =- {k % + . J\\/K 3 ) given in Col. 8. 

As we have seen, k 2 and cannot be separated experimentally. But for 
the reaction (S a OJ *f BrAc') is known to be 0-247 anc * an approximate value 
for the reaction (BaS a 0 8 4 * BrAc') is now known to be 1-2. For the reaction 
(S a O* 4- BaBrAc*) we can therefore infer on electrostatic grounds that the 
value of k z will be very approximately 2-3. Taking the higher value and multi¬ 
plying by K l /K % = o*oii leads to the corrected values for the (BaS a O s 4* BrAc') 
reaction given in the last column of the Table. 

TABLE V 

Barium Salts at 25 0 C 


M 

. 

*obs. 

[BaS a O a ] 

[BaBrAc*] 

/ 

/(/) 

. ftfx 

*■77 

< 

*2 

00005 

0-383 

0-0347 

0-0005 

0*00261 

i 

0-0481 

0*312 

1*32 

1-28 

o-ooi 

0452 

0*110 

0*002 

0-00505 

0-0653 

o *337 

1*38 

i *35 

0*002 

0-522 

°* 3**3 

0*006 

o* 009696 

0*0877 

o *373 

1-30 

1-27 

0*005 

0*629 

1-192 

0*030 

0*02267 

0-1264 

0-447 

1 123 

1-20 

0*0075 

0*696 

2047 

0*060 

0*03294 

0*1471 

0-491 

1*27 

I*2 4 


Exactly the same treatment has been applied to LaMer and Fessenden's 
data for the calcium salts, and the results are in Table VI. 

TABLE VI 

Calcium Salts at 25 0 C 


M 

^Ob8. 

[CaSjOj] 

[CaBrAc-J 

/ 

/(/) 

Jxfx 

*■77 

k, 

\ 


0-0005 

0-362 

0-0248 

O-OOIO 

0*00265 

0-0484 

0-362 

i *33 

1*24 

o-ooi 

0*424 

0*0797 

0*0037 

000517 

0-0661 

0-424 

i *43 

i '33 

0*002 

0*502 

0*239 

0*013 

0*01002 

0*0890 

0*502 

1*46 

i *37 

BrAc 







0*0033 

s a o 3 1 

0-636 

1-240 

0*044 

0-02660 

01349 

0*636 

1*52 

1-42 

0-00667 










The Reaction at 15° and 35° C. —Our data for the barium salts at 15 0 
an d 35 0 have been treated in the same way, with the necessary adjustments in 
the values of the constants. Activation energies have been determined for the 
purely ionic reaction in dilute solutions, 1 ~ 7 and using the values 

£(15-25°) = 15,900 cal. and E( 25-35°) ” 15,700 cal. 

we obtain 0-0980 at 15° and 0-581 at 35° as the values of k v Dissociation con¬ 
stants were again taken from the preceding paper, A'buSjO, at 15° being cal¬ 
culated by means of the AH value there recorded. The total corrections for 
BaBrAc* are so small that the K value reported for 25° could be used at the 
other two temperatures without sensible error. The results of the calculations 
are in Tables II and III. 

28** 
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Discussion 

The quantitative interpretation of reaction rates in terms of incomplete 
dissociation clearly leads to reasonable results. The derived velocity 
constants at three temperatures for the reaction : 

BaS 2 0 8 -f- BrAc' -► (BaS a O s , BrAc') products 

are plotted in Curves 2, 3 and 4 of the Figure, and in accordance with theory 
they are constant within experimental error and show a zero salt effect. 
So far as ionic atmosphere effects are concerned, therefore, the ion-pairs, 
as would be anticipated, behave like uncharged molecules. The k t 
values derived for the calcium and barium salts are identical, within the 
error of the calculations, and so the difference in the catalytic efficiency 
of these two ions finds its explanation, as was suggested in the Introduc¬ 
tion, in the different dissociation constants of the two thiosulphates and 
not in any marked difference in their reactivity. 

The application of electrostatic theory to the thiosulphate reaction 
has been fully discussed by LaMer 14 and Moelwyn-Hughes. 15 If the 
electrical interaction energy (at infinite dilution) of two reacting ions is 
written z A z B e 2 /Dr, where r is the critical separation of ionic centres for 
chemical change, then values of r can be derived from a consideration of 
the absolute reaction rate or from experimental study of changes in z, 
D and T. In these ways r values have been derived which are plausible 
in themselves but vary by more than the experimental error according 
to the method of calculation or type of experimental result. The present 
work makes it possible to compare the constants for (a) the ionic reaction 
(S-jO'' + BrAc'), (b) the reaction between the thiosulphate ion and the 
methyl or ethyl ester of bromoacetic acid, 3 » 16 and ( c ) the reaction between 
the bromoacetate ion and the calcium or barium thiosulphate ion-pairs. 
If the whole difference between (a) and (b) is attributed to the electrical 
interaction term a value r = 3-47 A is derived. 16 Our value of log k 2 
for the ion-pair-ion reaction falls approximately midway between the 
values for the ion-ion and the ion-molecule reactions. Qualitatively, 
this result seems a reasonable one ; but it is clear that a quantitative 
interpretation would involve factors not considered in the simple electro¬ 
static theory, and it is very doubtful if further discussion would be profit¬ 
able until more independent evidence is available concerning the dimen¬ 
sions of the reactants and the values of D to be employed in calculations 
concerning their intimate interaction. 

Our three values for the barium thiosulphate-bromoacetate reaction 
lead to the following values for the activation energy : 15-25 0 , 16,800 cal. ; 
25-35 0 , 16,050 cal. ; mean, 16,400 cal. This value, again, falls between 
15,800 cal., the mean energy of activation for the ionic reaction, and the 
value 17,400 cal. derived for the ion-molecule reaction from Slator’s 
temperature coefficients. 14 

Edward Davies Chemical Laboratories, 

Aberystwyth , Wales. 

14 LaMer, J. Franklin Inst., 1938, 225, 709. 

11 Moelwyn-Hughes, Kinetics of Reactions in Solution (Clarendon Press, 
Oxford, 1947), 2nd ed., pp. 91-107. 

16 Slator, J. Chem. Soc., 1905, 87, 485. 



STRUCTURE AND STABILITY OF BURNER FLAMES 
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An attempt is made to develop a general theory of flame stability in stationary 
flames based on the assumption of steady-state heat balance. The heat balance 
equation for the flame is formulated, and approximate solutions obtained under 
certain specified conditions. 

Certain experimental phenomena involving the stability limits of flames 
can be explained semi-quantitatively by this theory. It does not, however, 
take into account the chemical kinetics of the reactions, or aerodynamic effects 
which are of importance in dealing with high-velocity flames. 


1 . Introduction 

The theories put forward in the past to explain the structure and 
stability of a stationary flame have been formulated mainly with specific 
reference to aerated flames of the Bunsen type and have been based on 
the idea that in a stable burner flame the flame velocity and gas feed 
velocity may be equated over the surface of the inner cone. This idea 
forms the basis of the work of Lewis and v. Elbe 1 on the physical structure 
of flames, and also that of Townend et al. 2 3 

In this paper only the physical aspects of combustion are dealt with, 
and no attempt has been made to deal with the chemical mechanism of 
the reactions occurring in flames. Aerodynamic factors are not treated 
in detail, and as these become extremely important in turbulent flames, 
their omission is an obvious limitation on the scope of the theory. The 
radiation equilibrium of the flame is also not considered, an assumption, 
which, while unjustified for flames containing large numbers of small 
radiating particles (e.g. poorly aerated benzene flames, aluminium flames), 
is true for ordinary gas flames which are not too poorly aerated.* 

The present theory starts from the assumption that a stationary 
flame is in a state of steady thermal equilibrium. In setting up the 
steady-state equations, a physical analogy, which may help in visualizing 
the process is introduced. The general equation is then modified for 
various special conditions, and approximate solutions are obtained. 
The theory is inapplicable to gas-rich flames for two reasons, the neglect 
of radiation equilibrium, mentioned above, and of the change of specific 
heat in combustion, which may be appreciable in such cases. Turbulent 
flames are not included in the scope of the theory. 

It is considered that the thermal equilibrium theory is of more general 
application than the equilibrium treatment used by Lewis and v. Elbe. 
It was applied to the problem of propagation of flames in tubes by Holm 4 
but this author did not attempt to generalize the treatment or to apply 
it to burner flames as such. Holm was, however, able to provide a satis¬ 
factory explanation of the fact that flame will not propagate in tubes 

1 Lewis and v. Elbe, /. Chem . Physics , 1943, II, 75 ; Combustion, Flames 
and Explosions in Gases (Cambridge, 1938). 

a Garside, also Forsyth, Davies and Townend, Inst. Gas Engr. Conm. 244/102, 
245/103 (published together). 

3 Fuidge, Dewhurst and Pleasance, ibid., 266. 

4 Holm, Phil . Mag., 1932 (7), 14, 18. 

* Private communication from Dr. H. G. Wolfhard. 

781 



STABILITY OF BURNER FLAMES 


below a certain diameter (incidentally disproving the theory that this 
is due to heat loss through the tube surfaces), since the critical diameter 
was found to be independent of the thermal conductivity of the material 
of the tube. The general form of the theory is set out in the next section. 

2. General Form of Theory 

Symbols used are as follows :— 

H e — Volume heat of combustion of gas mixture in flame, 

A --- Thermal conductivity of flame gases, 
dS — Unit surface area of flame. 

V -= Volume of gas entering the flame, 

^ = Flux of gas into the flame, 

yp 

. — Temperature gradient across external surface of flame, 


-- — Temperature gradient across base of flame, 

c' p — Mean sp. ht. of reaction products over range, 

A T — Temperature difference between ignition temperatuie and 
temperature of inflowing gas, 
c v — Mean sp. ht. of gas mixture over range, 

AT' — Difference between ignition and steady flame temperatures, 

H = Effective heat of combustion — [II t — c'AT']. 

Consider a flame and its surrounding envelope of burnt and partly 
burnt gases. We idealize the outer boundary in the model shown for, 
in practice, the cooling mechanism is not true conduction but some form 
of turbulent convection which, in a surrounding space large enough to 
act as a heat sink, quickly reduces the temperature of the outer cone 
gases to equilibrium. 

On this assumption we see that the heat produced in the flame over 
a short period of time is removed (a) by conduction and convection across 
the outer cone boundary, (6) by the fresh gas mixture flowing in across 
the flame base and being raised to ignition temperature by the heat of 
the flame, (c) by the reaction products raised from ignition to flame 
temperature. 

Thus, the heat of combustion equals the heat removed across the 
outer cone boundary + the heat used in raising fresh gas to the ignition 
temperature -f- the heat used in raising the reaction products from ignition 
to flame-temperature. Since the surroundings form a heat sink, H c 
is taken as the heat of combustion at room temperature. 

Then 

Il e - A ” { dS + c,AT d ~ + c'„AT' 

over a short space of time, using volume variables for unit volume. In 
this case the concentration of reaction products and intermediates in 

dV 

the flame over the range A 7 V is assumed independent of These 

CL* 

products are distributed throughout the flame system, not immediately 
dependent on increments to it. The heat balance of the flame might 
be regarded as being " perturbed ” by the inflow of cold gas mixture. 

If we transform to mass variables we get 

d V 

mpll r — conduction terms -f c~pkT + wic^'AT, 

at 

where m is the mass of combustible gas mixture present in the flame, 
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and p the mean density. The term pH e is, of course inverse of the mass 
heat of combustion HJp with respect to p. It will be seen in § 5 that this, 
rather than the volume heat of combustion, determines the stability of 
the flame to a large extent. Eliminating p and m from the above equation 
we have 


H c — conduction term + ^ ^ AT -f c' p AT'. 

rn (it 

We now define 

H =* (H e - ~c' p AT') 


as our effective heat of combustion, which we use in the subsequent 
treatment and we have 

H = conduction terms + c P AT--, 

Cl t 


where tn — 1 or, more explicitly, 

• ■ <»> 

The conduction term is, rather arbitrarily, broken into two parts, one 
representing heat conduction across the outer flame surface, the other 
conduction across the flame base. This is convenient for a treatment of 
non-acrated flames. Eqn* (1), though a simplification, seems adequate 
for our approximate treatment of flame stability. 

We note that H is the sum of two terms, viz. (1) the heat derived 
from combustion of gas with primary air entrained in the gas stream, 
and (2) the heat derived from combustion of gas and air which have inter- 
diflused, so we denote these by H x and H 2 respectively. H % is dependent 
on the interdiffusion coefficient D of gas and air, and on the surface area 
of the flame ; H x is proportional to the percentage of air up to the stoichio¬ 
metric limit. Below this we have 


r dV 

H c x D | dS + c 2 ^ .(2) 

in which c lt c t are defined below. Combining (1) and (2) and neglecting 
the conduction term for the flame base, we have, on adding a term to 
allow for cooling due to air mixing across the flame surface, which we 

write K'AT j dS, 

K'AT f dS + A | 7 y | dS + CAT =■ r,I» j dS + 
or ( f d 5 ) ( A ^ - cj) + A''A 7 'j = ‘“Va - cAt) . 


({dS) 

d V 
d t 

Assuming ~dT/^r to be uniform over the whole surface (see ref. 1 ), we may 
write 


\ c jL _£‘ P A7 J_ 

[» T, ~ C - D + 


S _ _ [gg — C P A1 J 

U r. <Sr _ A n ’ 
j_ A -^7 — c i D + A ATJ 


( 3 ) 


Eqn. (3) bears some resemblance to Semenov's expression for the 
reaction rate in the theory of chain reactions. The rates become infinite 
when the denominator on the right-hand side becomes zero. From 
physical considerations we see that this condition will not arise in an 



STABILITY OF BURNER FUMES 


exposed flame, since the last term in the denominator, allowing f 0T cooling 
by sir mixing across the surface, is dependent on D, and hence Buy inctes.se 
in c x D is compensated by a corresponding increase in K'AT. In closed 
vessels, however, the last term does not enter into the expression and if 

dr 

c x D — A — 
dr 

then explosion will occur. This condition, of course, is realizable in 
practice. 

One other point of some interest may be raised. We write the ratio 


Heat produced 
Heat lost 




Now, writing the second term as constant and varying the remainder, 
we have 

K ' d< 

where M = mass and H heat produced in unit time. 

This then becomes > corresponding to the chemical potential /x 

on a thermal theory; this term largely determines flame stability. 

In the following sections the eqn. (i) is applied to account for various 
data on the stability of stationary flames. In § 5 an attempt is made 
to relate stability characteristics to other physical properties of the gases 
concerned ; the earlier section dealt with simpler phenomena. 


3 . Application of the Theory to Various Cases 

In this section the theory is further developed and applied to various 
cases of special interest. 

(a) We shall first apply the theory to the case of flash-back in aerated 
burners. At certain gas-flow velocities and air/gas ratios, the flame 
propagates down the burner tube and the gas issuing from the injector 
nozzle ignites, giving a poorly aerated and noisy flame which is almost 
useless as a source of heat. Owing to its practical importance, thorough 
experimental investigations have been made into the nature of flash¬ 
back, particularly by Garside et al ., 2 and various devices have been 
suggested for its prevention, notably by Minchin. 6 

On the theory set forth by Lewis and v. Elbe, 1 flash-back is said to 
occur when the flame velocity at the inner cone surface exceeds the gas 
flow velocity, altering the pressure equilibrium set up at the flame front. 
From the thermal balance (eqn. (1)), we can set up a corresponding con¬ 
dition for flash-back. We write the equation for the steady state 

// = A — f dS + XA 4. KAT~, 
t)r J dx d t 

where K — c p in the general equation. 

Instead of Lewis and v. Elbe's condition, ours will be that flash-back 
occurs when H exceeds the right-hand side of the equation. The question 
of flash-back is, however, closely connected with the problem of the 
propagation of flame in tubes, which will now be considered in more 
detail. 

(b) If we consider that a flame is propagated down a tube as a succession 
of Huyghens waves, we may develop and apply a simple model somewhat 
as follows. Assume that we have a sphere of combustible gas mixture, 
pushing a hemispherical flame front down the burner tube. As the flame 
front moves, it sweeps out a volume V in the tube against a pressure 

6 Minchin, Gas /., 1939, 226, 925. 
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difference dP per unit length. At the same time it is losing heat to the 

unignited gases in the tube at a rate given by XA —, where A is the area 

of the flame front and the thermal gradient set up. We then write the 

following heat balance equation, 

H =XA ~ + | dP . V . . . . (1') 

where H — heat generated in unit time by the burning gas. Eqn. (1') 
determines the condition for flame propagation. H is dependent on the 
volume of the sphere of burning gas, and on the air/gas ratio existing. 
Assuming the second of these factors to be constant, H can be written 

as k . -tit 8 — k x r z . 

Since A , the area of the hemispherical flame front is 2nr 8 , then 

V s = V JdP.(2') 


The temperature gradient 


— is radial, and is evidently inversely 


proportional to r. So we have 


k 1 r> = k z r+ V j" dP.(3') 

For flash-back, eqn. (3') becomes 


k x r z > k z r -f- V j dP. 

The temperature gradient ~ may be determined from the " dead 

space ” phenomenon observed in aerated burner flames. It was suggested 
by Smyth and Pickering, 8 that the space observed between a burner port 
and the flame base, the so-called “ dead space,” was a measure of the 
temperature gradient set up between the temperatures of the inflowing 
gas and the ignition temperature of the flame. 


If the dead space distance -= x, then the temperature gradient = — 
1 , 

or k . - putting T constant. In the case considered we have a radial 
x 

temperature gradient, so if 


DT 

'dr 


dT 

dx 


then —— = k . - 
or x 


•. k x r z =s ~ . k 2 r 2 -f* V J dP from eqn. (2) 


( 3 «) 


If we neglect the pressure term, and assume flash-back is occurring, 


i.e. the probability of flash-back occurring is directly proportional to x. 
Equating (3') and (3a) we have 



at the critical condition for flash-back or 



If k z and k 9 are equal then x = r at the flash-back point. 

8 Smyth and Pickering, J. Res . Nat . Bur, Stand., 1936, 17, 7. 
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see from tbe above arguments that the probability of dash-back 
occurring decreases with the radius of the burner tube, hence with the 
diameter of the tube. Again neglecting the pressure term, we can write 
the hash-back condition as 


and the ratio 


k . 2try* < ~irT z k' 
3 


Heat lost ^ i 
Heat produced ’ r 


( 5 ) 


so that for small values of r the relative thermal loss will increase and 
hence flash-back will not occur below a certain value of r. 

Flash-back in relation to the chemical composition of inflammable 
gas-mixtures will be considered in more detail later. The theory given 
for single tubes can be extended to groups of tubes in thermal contact 
with each other, such as are found in gauzes and in the “ flame-proof ” 
burner heads. 

The probability of flash-back not occurring in a single tube can be 
seen from (5) to be inversely proportional to r , the radius of the tube, 

and we may write P = k . In the case of groups of tubes we must 

make allowance for the mutual interaction effects, since each tube will 
receive a certain amount of heat from its neighbours. The form of the 
“ interaction term ” may be derived as follows. 

Suppose we have a number of point sources of heat (Fig. 2) which 
are separated by a distance b. Now, if they are emitting heat uniformly 


Burner port 




the heat traversing a small area dS of the receiving strip will be inversely 
proportional to the area of the strip, or 



Now if the heat sources are considered as circles of radius r, then the 
radiative surface will be increased by a factor 2 nr (the circle perimeter) : 
and hence we can write the heat flow at distance as 


k . 


nb * 
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combining it with the 


H 


K£ dS + K'- 


This term represents the " interaction effect ”; 
expression for a single tube, we have 

P = k .- h . —. 

r 6 a 

(1 d ) We now proceed to a further discussion of the stability limits 
of a flame. Writing the thermal balance equation in a shortened form 

dr ’ 

(the heat loss through the base is included in the first term)—we note 
that when flash-back occurs, the value of H exceeds that of the right-hand 
side of the equation. However, it is possible 
for the condition of equality to be restored 

by an increase in £ dS leading to a change 

in shape of the flame. No complete analysis 
of the nature of this change will be given ; 
in practice, however, it is found that it 
takes the form of a tilting of the base of the 
inner cone down the burner tube and a dis¬ 
tortion of the shape of the flame. If we 
assume this form of change, the problem 
can be treated quantitatively. 

When tilt has occurred in a flame, we 
rewrite the thermal balance equation, 


[H -(- AH] ~ ft[ f dS + A f d.S'] = 

assuming that gas flow does not change during 
the tilting process, which, as the tilt only 
occupies a short space of time, seems a 
reasonable assumption, i.e. 


AH 

AS 


= K. 



Now we determine AS, the increase in area (see Fig. 3). If AS is 
taken as proportional to the volume displaced in the burner tube by the 
tilting movement of the inner cone, i.e., the volume of the shaded half- 
cylinder in the ligure, then 

AS = k'\nr* x CB, 

where CB — 2 r tan 0, so AS — nr* tan 0 x k\ 

dV 

We take AH as proportional to the gas flow rate —, if the com¬ 
position of the gas mixture is constant. 

AH jdF/df _ 

AS ~~ nr 3 tan 0 

When 0 is small, r ^ a so AS = nr* sin 0 

»r K = 

nr 3 sin 0 

(e) Finally we consider the relationship between flash-back and the 
composition of the air-gas mixture being used. 

It should, of course, be noted that the term H in the fundamental 
equation is not only dependent on the total volume of burning mixture 
but on the air/gas ratio existing in that mixture. From physical con¬ 
siderations one would anticipate that H would reach a maximum as the 
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mixture approached stoichiometric proportions, and subsequently decline 
as the relative volume of air present exceeded that needed for complete 
combustion, if the total volume under consideration is stationary. 

i — x 

Let the stoichiometric air/gas ratio be -, where x is the gas 

x 

percentage/ioo at stoichiometric proportions : H is the heat of com¬ 
bustion of the mixture at this point. Suppose we have a mixture of 
ratio 

i -(*-*) 

x — z 1 

then its heat of combustion is 


I ~ X —■ z* 

Again, if we have an over-rich gas mixture of ratio --—- t — its heat 

/j _^^ i* % 

of combustion will be H . -- —. We see that H varies from 

(i - *\ 

X ~~ through unity to -■- » , where z, z' are arbitrary choices, 

i.e., ^ varies linearly, while H has a maximum. 

We saw previously that by eqn. (5), the ratio 

Heat loss 1 

Heat produced r' 

At the “ limiting radius ” for flash-back, r c , we have. 

Heat loss h 

H ~7~ lt 


Hcc 

Now we had above a relation of type 


between H and x. Inverting the right-hand side with respect to x this 
becomes 


which since H oc — is the form of the relation between r e and x. As H 

r c 

has a maximum at stoichiometric proportions, then r e will have a minimum 
at this point. Thus we have a parabola with a minimum as the relation. 
We now endeavour to determine the relation between H and the air/gas 


ratio, written as 
fore < t. 


*, x being the gas-fraction in the mixture and there- 


For values of x < 1,- 1 increases towards 00 with decreasing value 

x 

of x it is a hyperbolic function of x. 

Now we have a relation of the type H = (- + r) already, combining 
these we have 

H -f{j* + c )*> where x x = - 

which is the general form. The curve is, of course, of the same type as 
the normal probability curve, in that it is exponential with a maximum 
at the stoichiometric air/gas ratio. 



N. THOMAS 


789 


(/) The phenomenon of " blow-off ”, the disappearance of a burner 
flame when the gas feed velocity is raised above a certain value, is a well- 
known one and has been studied by Townend et al .* On the Lewis- 
v. Elbe theory of flame stability, blow-off occurs when the feed velocity 
over the surface of the inner cone exceeds the ignition velocity. As the 
present theory treats the thermal equilibrium of the flame, we set up a 
corresponding condition as follows. 

When the blow-off occurs, the flame disappears and this fact in itself 
suggests that the heat produced in the flame is no longer sufficient to 
maintain equilibrium. At blow-off the fundamental equation may be 
written, 


H < A- 


IT 

dr 


$ d S+ \A~ + c r AT dV 


dx 


dt’ 


the reverse of the condition for flash-back. When blow-off occurs, the 
volume of cold gas flowing into the flame in unit time is so great that the 
heat generated in unit time is insufficient to raise it to ignition temperature. 
Combustion actually ceases when this point is reached. 

In the case where H is made up purely of heat derived from the com¬ 
bustion of gas with entrained air (the assumption tacitly made in the 
discussion on flash-back) we have already seen that x and H bear a relation¬ 
ship to each other of the form 

j { = *(*• + c). 


Now in the equation of thermal equilibrium we may assume that at 

dV 

or near the blow-off point the — term on the right-hand side is large 

Cl* 

compared to the surface terms, so we have, approximately, 

k(x 2 4- c), 

& JL± 

dV 


dV 1 

H < c v bT while -i 

ch 11 


so 


d* 


= k(x a 4 c) 


at equilibrium, since — increases with decreasing H around blow-off. 

As with flash-back, we see from physical considerations that this 
parabola will have its maximum as x reaches the stoichiometric fraction 
for the mixture, since H will then reach a maximum for a given gas flow. 

Where secondary air eutrainment occurs, the equation assumes a 
different form. We must take into account the fact that, owing to inter¬ 
diffusion of gas and air, when the proportion of gas in the mixture exceeds 
the stoichiometric value all will be burnt. Assuming complete com¬ 
bustion we see that H is directly proportional to * (symbols as before), 
and since 

H — K' . 4 surface loss, 

dt 


we can write 


i.e. a linear relationship. 


dF 

dt 


— kx 4 c, 


Now 


is a hyperbolic function of x for values of x < 1 and so, 


if as previously -—— is the air-gas ratio then we have 


H - 




which is similar to a logarithmic curve when x < 1. 
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4. Non-aerated Flames 

(a) The treatment of non-aerated flames given below is not complete 
for it deals only with the thermal aspects of such flames, and does not 
treat hydrodynamical problems. 

The general equation may be applied in the form, 

H = k ^ + A ~ f dS, 
d t dr J 


where H is, as before, made up of two portions, one due to combustion 
with entrained air and the other to combustion of interdiffused gas and 
air. Rewriting the equation we have 


or 


dV 
Cl ~'d t 

dV 

dt 


TsT r dV t>r r 

h -*')-{ < 1 J X (A - C.) 


Now, if we assume complete combustion, then the heat produced will 
dV 

be proportional to -1- as in the “ blow-off ” case previously treated, i.e. 
_ dV 

proportional to Hp where p is the mean gas density. 


Then for equilibrium we have 


dV' 
Hp dt 


A | dS + k 


dV 
dt * 


to a first approximation. It is clear that the greater the value of H, 
the mass-heat of combustion of the gas, the less chance is there of the 
flame becoming unstable and blowing-off. 

If , r oc P, the feed pressure, we have 


d/ 


P = k x pH 


dF 
dt * 


a linear relation if we neglect the surface loss term. The plot depends on 

the relation £ dV'Tdf is dependent not only on P and i- but on other 

factors not so readily determined. Moreover, we have assumed com¬ 
bustion to be complete. This is not the case in non-aerated burners, 
except when they are burning hydrogen, which has a high diffusion 
coefficient and so mixes very thoroughly with air. 

Whilst we shall not discuss hydrodynamical effects in detail in this 
section, we shall consider them in a qualitative way and also their influence 
upon the thermal balance equation. 

(£>) At certain definite feed pressures, a phenomenon occurs in non- 
aerated burners which is known as “ lift ”. The burner flame rises a 
short distance from the port and remains suspended there. With some 
gases the lift point and blow-off coincide, or almost coincide, but this is 
not necessarily the case. 

This phenomenon can only be understood from a consideration of 
the conditions of gas flow in non-aerated burners. The gas issues from 
the orifice in a narrow jet at high velocity and near the orifice it entrains 
air in appreciable quantity when the feed pressure, and hence the velocity 
of the emergent gas, is reasonably high. Thus, above a certain gas 
velocity enough air will be entrained to lower the temperature of the 
flame base below the ignition temperature of the mixture. Thus lift 
may be described as a “ self-cooling ” effect. 



N. THOMAS 791 

We may, in fact, state that the lift limit for any type of non-aerated 

air entrained , , ... 

flame is defined by the ratio across burner b ^e and there wl11 

be a linear relationship between the pressure at which lift occurs and 
this ratio. 

The heat loss across the flame base has been defined as A A —, where 

ox 

A is the thermal conductivity of the gas, A the area of the flame base, 

and — the temperature gradient. The quantity of air entrained, 
7)x 

relative to that of gas flowing from the orifice, is proportional to the area 
of the orifice for a given gas velocity. Hence for a given gas we can say, 
at the lift point, 

Area of orifice — Ax (air entrainment). 

On the other hand, since the gas velocity is dependent upon feed pressure, 
and since we assume that it is the drag of the moving gas which causes 
entrainment, we can write, 

Orifice area = k'P, 

i.e., a linear relation. 


5 . Further Development of Theory 

The foregoing treatment of combustion, whilst giving a physical 
explanation of certain phenomena, did not correlate the behaviour of 
gases during combustion to their physical constants. An attempt to 
do this will now be made, in a form which may be applied to any one of 
the particular results covered in the preceding discussion. 

The fundamental condition of equilibrium is 

dF 

Heat produced (H) = Surface loss (or) f h\T —, 


or 


H 

y A ,;dF 
AAy d/ 



+ I. 


Here H is the value {H c — c p AT') defined previously. 

H 

From this, the importance of the ratio --r may be seen. If it 

k &T~ 

dt 

is small, then blow-off will readily occur. If it is large, there will be a 
tendency towards flash-back, unless a also is large. 

In the previous discussion we have determined H only in terms of 
the composition of the gas-mixture used but we now have to do this in 
terms of the physical constants of the gases. Also in our discussion we 
had not treated variations in a, in dealing with combustion character¬ 
istics. In general we sought to determine the relationship between 
dV 

H and ^ - . Accurate knowledge of this would enable us to predict 

the behaviour of any gas in a burner flame. 

We note that in the thermal balance equation the relation between 

H and is 
dr 

dV 

H = a + k'AT ~ 
d/ 

= <y + k’pAT 


where p = gas density. 
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P 


We can take H as the volume heat of combustion of the gas in question, 
its density, and AT the ignition temperature of the inflammable mixture. 


and we can substitute accordingly in the equations of the previous section. 

It remains to determine the effect of the surface factor. Accurate 
determination of this by theoretical means is rather difficult. Now 
o represents the heat given out by the flame, hence in a useful burner 


system a, and therefore 


H 

pAT 


must be as large as possible for the flame 


to be stable. 

The surface area of the flame will be related to the feed pressure of 
the gas since an increase in this tends to enlarge the flame, a will also 
depend on the thermal conductivity of the gas, the temperature and the 
interdiffusion coefficient of gas and air D. Thus 


/(A, T, P, D). 

It is clear that a will be large for hydrogen, relatively small for 
ethylene, smaller still for the higher hydrocarbons. Methane will occupy 
an intermediate position. Introducing o into our previous expressions 
we have 


c P pAT 


or 


dV 
d t 
dV 
d t 


■ (H - a), 
c(H - a), 


if C =rr 

P Alc p 


so 


dV f _i_ 

d t Cj.tpAT pAT 


/(A, T, P, D) 


\ 


r 


Thus the effective value of H will be reduced by a quantity which is a 
function of these fundamental characteristics, flame temperature, thermal 
conductivity, and diffusion coefficient. 

This suggests that in flames with a large surface area, for instance, 
hydrogen flames, the blow-off will occur more readily, owing to the drop 
in H, For non-aerated flames it seems likely that the “ surface factor " 
has little effect, since an expansion of the surface leads to more adequate 
mixing with air and hence to more complete combustion. In aerated 
flames, since H reaches a maximum relative to the input of mixture at 
stoichiometric proportions, a will reach a minimum at this point, for a 
given gas. 

Thus we have— 

(a) For a non-aerated flame, neglecting surface factors : 

H 

Stability cc_~^, .... (3s) 


(h) For aerated burners, we adopt the expression from § 3(e) (symbols 
as previously), or 

H — / f—: + c), where x, — 1 ~ - , 

/ X 

for the flash-back condition ; and from § 3 (/) 



for the blow-off of normal flames. 


6. Experimental Evidence 

The experimental evidence relating to the theory will now be dealt 
with. It falls under several heads, and will be considered in relation to 
the separate sections of the theory. 
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(a) Flash-back. —Garside * has carried out an investigation of flash¬ 
back in burner tubes of various diameters, and has plotted curves of 
gas composition against critical diameter for various gases. He obtains 
parabolic curves of the type indicated by the theory. Garside has also 
investigated the relation between “ dead space *\ If the pressure term 
is neglected in the development in §3(6), then we find the dead-space is 
equal to the critical radius of the tube. This was first assumed by Garside, 
but he subsequently suggested a linear relation. 

Fuidge, Murch and Pleasance 8 have investigated the combustion 
characteristics of aerated burner flames using a method suggested by 
Smyth and Pickering. They plotted air/gas ratio against thermal 
throughput for various gases and types of burners. Curves obtained 
for the flash-back limits were of the general type, 

y = S*xe ~ S 2 

as indicated by the theoretical discussion in § $(e). 

Minchin 6 has discussed the so-called “ flame-proof ** burner heads 
consisting of gauzes placed over burner ports. He defines a “ safety 
factor ” for such burners, representing its susceptibility to flash-back, 
and obtains an empirical equation of the type, 



which is identical with the equation derived in § 3(/). 

Tilted flames in aerated burners were investigated by v. Elbe and 
Mentser 7 8 who, as a result of their measurements, obtained an empirical 
equation which they express as 


4V 

it r 3 tan 0 


= constant, 


assuming 0 to be small. Here V is our —. This is the expression 

derived in § 3 (d). The work of Garside 2 on critical diameters is an exten¬ 
sion of earlier work by Holm, 4 who obtained a similar relationship. 

Forsyth 2 plotted curves of gas flow against % gas in gas-air mixtures 
for various feed pressures. These curves increased roughly linearly to 
a maximum, then fell away in a similar way. At low pressures the curves 
are almost parabolic. 

Writing the thermal balance equation, 

dV 

H = kA T~- + X 
at 

dV 

= + * 


and knowing 


= f{x + 0 2 ° r jj = kx 2 + 0, 


where x is % gas in mixture, then we have, assuming x constant, 


dt h 


x 2 + c\ 


as in the treatment of § 3(/). 


It will be noted that the constant k 0 includes p 8 and as p oc P we should 
expect the slope of the parabolas to vary with P 2 , which is approximately 
true. 


7 v. Elbe and Mentser, J. Chem. Phys ., 1945, 13, 89. 

8 Fuidge, Murch and Pleasance, Trans . Inst. Gas Engr 1939-40, 283. 
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(d) Blow-off. —Garside 2 has made an experimental study of blow-off, 
plotting gas-flow velocity against mixture composition at the blow-off 
limit. The curves were obtained both for ordinary double-cone flames 
and the “ separated cone ” flames, in which only the double-cone flames 
gave straight lines. This is in accordance with the development of 
§ 3(/). Fuidge et al* have plotted curves of thermal throughput against 
air/gas ratio for various gases and obtain logarithmic curves as would 
be expected. The logarithmic character of these curves was not pointed 
out by Fuidge, but has been noted by American Gas Association workers. 

(c) Non-aerated Flames.— The principal experimental work available 
on these is the paper of Fuidge, Dewhurst, and Pleasance 3 in which 
the orifice areas of non-aerated burners were plotted against corresponding 
thermal throughputs of the burner for the critical points, lift, blow-off, 
and roar. As the incidence of “ roaring ” seems to be a purely hydro- 
dynamical phenomenon, it is not dealt with here. The reasons for the 
occurrence of “ lift " and “ blow-off ” are treated qualitatively in § 4(a) 
and ( b ). A fuller treatment of these is given in a subsequent paper. 
However, the linear character of these curves is evident from the develop¬ 
ment in § 4(6). Also, the incidence of “ lift ” in non-aerated flames is 
given a physical explanation. Another experimental fact noted by 
Fuidge and his co-workers follows quite simply from the theory. They 
observed that when a non-aerated flame was burnt in strongly heated 
surroundings it was almost impossible to blow it off. 

In the thermal balance equation, we may, in this special case, eliminate 
the heat loss term, since the surroundings are hot and 


H = kAT 


dV 
d* * 


But AT will also be reduced by the heating of the surroundings, while 
H will be increased by radiation (in this case from hot firebricks surround- 

dV 

ing the burner). Accordingly will have to reach very large values 
to exceed H, which explains Fuidge's result. 


7. Conclusion 

The theory set out above is purely a thermal one, and is based on 
assumptions regarding heat transfer and not active centres as Lewis and 
v. Elbe have assumed in their work on flame propagation. This is a 
serious limitation as it is not possible to explain quantitatively the effects 
of various inerts on combustion characteristics of gases, notably flash¬ 
back, although it can readily be seen that the effect of such addition would 
be to reduce H by simple dilution of the inflammable mixture. Like 
most thermodynamical theories, the one given is of a general nature and 
does not deal with such questions as gas flow which becomes of importance 
in non-aerated burners. 


I should like to thank Sir Alfred Egerton and Dr. J. H. Burgoyne 
for their help and encouragement, and particularly Dr. II. G. Wolfhard 
for reading the draft and for some helpful criticism. 
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REMARKS ON THE FORCE CONSTANTS 
IN TETRACHLORETHYLENE 


By Jules Duchesne 
Received, \$th May, 1949 

In a recent paper 1 Dr. Torkington has made an analysis of the 
vibrational potential function of tetrachlorethylene. He has reached 
the main conclusion that the G=C stretching force constant in this mole¬ 
cule takes a normal value if interaction forces between the C=C and C—Cl 
groups are used. 

In this article the author refers to my paper 2 on this question and 
criticizes rightly the assignment proposed for the A a frequencies of this 
molecule. However, this old assignment has been corrected later. 3 In 
these papers the potential function has been analyzed in detail. Among 
other results, there were found similar ones to those now given by 
Torkington, as far as the importance of the interaction forces and the 
normal value of the C~C bond force constant are concerned. 

University of Li$ge, 

Liege, Belgium. 

1 Trans. Faraday Soc., 1949, 45, 445. 

2 Nature, 1938, 142, 256. 

3 Physica, 1942, 9, 249; Mem. Soc. Roy. Sci. Lihge, 1943,2, 429; V. Henri 
Mem. Vol. (Dcsoer, Li&ge, 1947). 


REVIEWS OF BOOKS 

Compilation of Thermal Properties of Hydrogen in its Various 
Isotopic and Ortho-Para Modifications. By Harold W. Woolley, 
Russell B. Scott and F. G. Bkickwedde. (Part of the Journal of 
Research of the National Bureau of Standards. Research Paper 
RP1932, vol. 41, 1948.) Pp. 97. 

Some people would describe a diamond-studded watch as a necessity 
because they need to know the time ; others would describe it as a luxury 
because a stainless steel watch would serve the same purpose ; others 
might even claim that, as long as there is a clock within reach, a watch is 
redundant. This compilation calls to mind the diamond-studded watch. 

In this report the available thermal data for H t , HD and D 2 in solid, 
liquid, and gaseous states have been brought together, including the 
distinctive properties of ortho and para forms of H 2 and D 2 . Some 
data not previously published have been added. The thermal data include 
thermodynamic functions for the ideal gas state, equilibrium constants, 
data of state, viscosity and thermal conductivity with dependence on 
the pressure, vapour pressure, solid-liquid equilibria, specific heats and 
latent heats. Values of state derivatives useful in thermodynamic cal¬ 
culations have been given for normal hydrogen, and the related differences 
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between thermodynamic functions for real and ideal gas states have been 
evaluated. A temperature-entropy diagram for normal H, in the range 
of experimental data is also given. The compiled thermal properties of 
hydrogen are presented in 38 tables, 33 graphs and numerous equations. 
The sources of the data have been given in an extensive bibliography. 

The reviewer for onp is delighted to have all these useful data at hand 
in such a convenient form. He would, however, have known where and 
how to find most of it, admittedly in less convenient form, if he had 
needed it. 

It is claimed that the computations of thermodynamic data are more 
accurate than previous ones, but, whereas the introduction states that the 
object of this report is utilitarian, this extra accuracy seems to the reviewer 
pure luxury. As a typical illustrative example, suppose one wanted to 
know at what temperature H s at equilibrium contains equal parts of 
para and ortho forms. It would seem reasonable for a practical man to 
be satisfied if he knew the answer correct to the nearest degree. This 
would require the thermodynamic functions to be tabulated to the nearest 
o-i cal. mole 1 deg." 1 . The computation of these functions is in fact 
reliably accurate to something approaching o-or cal. mole" 1 deg." 1 . In 
this report the functions are tabulated to o-ooi cal. mole 1 deg. -1 . 

In view of the acute shortage in this country of trained physical 
chemists, expert computors and skilled printers, not to mention paper, 
one cannot help gasping at the resources of the National Bureau of 
Standards. 

The presentation of the data is excellent apart from one exception 
noticed by the reviewer. The text is far from clear as to what convention 
is used to fix the zero of entropy and it requires rather expert acquaintance 
with the subject to find out. In fact all molar entropies of H 2 whether 
para, ortho or normal are relative to a value zero for pure para H 2 at 
T — o° K, while all molar entropies of D 2 whether ortho, para or normal 
are relative to a value R logo 6 for pure ortho D, at T = o° K. This 
convention is neither obvious nor even usual. 

The reviewer regrets the effort wasted in converting joules, the now 
internationally recommended unit of energy, into calories. He regrets 
still more the effort that will be required to convert back to joules. 

The reviewer is interested and rather pleased to note the tendency to 
use and tabulate — F/T rather than F. This function — F/l' was first 
used by Massieu, who anticipated both Gibbs' and Helmholtz’ use of F , 
and it was widely used by Planck. 

E. A. G. 

Chemlsmus und Konstitution. Vol. I. By Bernd Eistert. (Fer¬ 
dinand Enke Verlag, Stuttgart.) Pp. ix -f 387. Price DM. 41.50. 

We learn from the author's preface that this book is effectively a 
new edition of his earlier monograph Tautomerie und Mesomerie but 
which, owing to the development of the subject during the intervening 
decade, has had to be considerably expanded. The outcome of this 
revision and enlargement is a work in two volumes of which the massive 
first one, published in November, 1948, with the Imprimatur of the 
U.S. Military Government, has reached us. 
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Volume I deals mainly with valency, molecular dimensions and 
physical properties of organic compounds, and ends with a short section 
on the reaction mechanisms (Chemismus) of addition, substitution and 
elimination reactions. The second volume will include tautomerism, 
molecular rearrangements and “ mesomeric ions.” 

It appears to be the author's intention to give an up-to-date survey 
of the field of general and physical organic chemistry in order to enable 
his compatriot chemists and chemistry students to catch up again, in 
particular with the developments published during and since the war in 
inaccessible Western periodicals and books. Such an undertaking must 
have involved a patient study of the considerable output of scientific 
papers of that period, and author and publishers must be admired for 
their courage in producing a book which, in parts, aims at covering the 
literature up to the middle of 1948 and yet was published in November 
of the same year ! 

Under the circumstances it is not surprising that the review of British 
and American work between 1939 and 1947 lacks the clarity and balance 
of presentation which would, under more normal conditions, be demanded 
from a work on this scale. There are many places where the reader who is 
familiar with the subject under discussion will, for obvious and good 
reasons, disagree with the theory and sometimes even with the accuracy of 
the facts presented. As a teaching book it falls far short of the standard 
set by comparable English and American texts. However, even if it 
was not in the main meant for this purpose, the book does fulfil the useful 
function of what appears to be a fairly complete and up-to-date literature 
guide to German contributions in this field. It is therefore possible to 
extract from it with little trouble a list of references without having to go 
systematically through an accumulation of German periodicals, or having 
to wait for their ultimate publication in British Abstracts, For this 
reason—and it is a sufficient one—the reviewer is eagerly awaiting the 
appearance of the second volume. 

V. G. 


The Theory of Solutions of High Polymers. By A. R. Miller. 

(Geoffrey Cumberlege at the Oxford University Press, 1948.) Pp. 118. 

Price 12s. 6d. 

A precise expression for the number of arrangements of N r mole¬ 
cules on the N sites of a lattice, in which each site has 2 neighbours and 
each molecule occupies r sites (rN r < N), is not known. An approximate 
expression for the case of a plane lattice and r — 2 was given by Chang 
in 1939. In 1942 Dr. Miller extended Chang's result to three-dimensional 
lattices, for r = 2 and r — 3, and proceeded to generalize the resulting 
formulae to find the corresponding approximate expression, g(N ; N r ) 
say, for any value of r, thereby opening an important chapter in the 
theory of polymer solutions. Each polymer molecule is taken to occupy 
r sites, where r is the number of monomer units in a polymer molecule 
(very large), the remaining sites being occupied by solvent molecules. 

The present monograph recounts both the progress of this work and 
something of the history of other approximate treatments of the problem. 
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Miller's expression for g(N ; N r ) was given a more satisfactory theoretical 
basis by Guggenheim. Knowing g(N ; N r ), and assuming that there is 
no effective energy of interaction between polymer and solvent systems, 
the thermodynamic properties of solutions of the rubber-benzene type 
can then be derived. The resulting expression for the free energy of 
mixing or, more precisely, the partial vapour pressure of the solvent, 
agrees surprisingly well with experimental measurements due to Gee 
and Treloar (rubber-benzene) and to Baughan (polystyrene in toluene 
and benzene). 

It is, however, known that rubber-benzene solutions show a definite 
heat of mixing (though the experimental data are not particularly ac¬ 
curate). If entropies of dilution, calculated from experimental data, 
are compared with those predicted on the assumption of random mixing, 
i.e, on the basis of the expression derived for g(N ; N r ), the agreement 
between theory and experiment is much less satisfactory: and the 
situation is apparently only worsened when more proper theoretical 
account is taken, as in the work of Orr and Guggenheim (Bethe approxi¬ 
mation, or method of quasi-chemical equilibrium), of the influence of inter¬ 
action energies on the entropy of mixing. For this reason Orr suggested 
that the original formula for g(N ; N r ) did not do adequate justice to the 
self-coiling, and self-obstruction, of individual polymer molecules which 
is of particular importance at low concentrations. Some rather beautiful 
work by Orr, in this connection, is mentioned, but not treated in detail, 
in Miller’s book. 

The story is an interesting one and a critical, coherent and up-to-date 
account was called for. Unfortunately the reviewer feels that this book, 
in its present form, barely fulfils these requirements. His judgement 
may be clouded by the rather large number of mistakes in formulae, 
including some quite serious ones, which have crept into the presentation 
(the more surprisingly since they are not to be found in the original papers 
by Miller, Guggenheim and others, to which references are given). But 
a monograph of this kind ought to be an authoritative introduction to 
the field for a new student, and such errors only confuse or mislead. 
There are, moreover, sections in which the statistical argument itself 
would seem at fault : notably § 3.21 where the situation appears to be 
saved by an error of sign in equation 3.62, and the detailed criticism of 
the work of Alfrey and Mark in § 2.6. Fortunately neither section is 
essential to the theme, but the reviewer feels they could have been omitted 
with profit. On the other hand the inclusion of a theoretical curve, on 
the basis of the work of Orr and Guggenheim, of the heat of dilution 
plotted against the volume fraction of polymer in a manner comparable 
with the experimental data exhibited in Fig. 9 would be valuable. It is 
also, at first sight, perplexing that Raoult’s law should, without comment, 
be used in two quite different senses in Fig. 2 and Fig. 3, respectively. 

It is only fair to add, however, that the reviewer is glad to have read 
the book, and hopes that others may derive an equal enjoyment from it. 

G. S. R. 
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The Electronic Theory of Organic Chemistry, By M. J. S, Dewar. 

(Geoffrey Cumberlege, Oxford University Press, 1949.) Pp. x + 324. 

Price 30s. 

Dr. Dewar sets out “ to give as complete an account as possible of 
organic chemistry in the light of modern quantum theory " using the 
molecular-obitai method of approach which he maintains (and many 
will probably disagree with him) “ provides a picture of molecular struc¬ 
ture closely akin to that of classical organic chemistry," in contrast to 
the resonance (valence-bond) method which is regarded as " most un¬ 
suitable " and involving “ a new symbolism and a novel and uncongenial 
outlook." Many may find the consequent formulation of complex 
organic structures, in which the whole extent of the delocalization of 
electrons is denoted by dotted bond signs, not easy to interpret. 

The author rejects Ingold’s symbolism and convention that groups 
which, respectively, repel electrons (so increasing the electron density 
in the attached system) and attract electrons (giving a corresponding 
decrease) are regarded as exhibiting positive (-f- I> + T) and negative 
(— 1 , — T) polar effects and reverts to Robinson’s system in which these 
signs are reversed. Substituents are frequently referred to merely as 

r\ n 

positive or negative so that, e.g. in the system -C~C F, the electro¬ 
negative element, fluorine, would be classified as a positive group with 
-f- I, — E effects. Reagents and reactions are classified as anionoid or 
cationoid. The usual symbolism S t and 5 * is retained for uni- and bi- 
molecular substitution but the terms — 5 and -f 5 (for nucleophilic, 
5 N , and electrophilic, 5 k) are introduced without explanation (p. 69), 
whilst later (p. 118), in ester hydrolysis, the symbols — 5 0 o,, — 5 co,, 
— 5 ^ appear for acyl- and alkyl-oxygen fission. There would seem to 
be little justification for such arbitrary changes from a symbolism which 
has become very widely adopted and understood, and they form one con¬ 
tributory cause to the creation of an impression that a rather ungenerous 
attitude to contributions by workers in other research schools pervades 
the book. 

Dr. Dewar makes great use of his ^-electron complex theory in formu¬ 
lating intermediates in reaction but many may feel that, though a fertile 
and suggestive hypothesis, it as yet lacks real experimental foundation. 
Thus cationoid (electrophilic) substitution of naphthalene and benzene 
is regarded (p. 176) as occurring through a 7 r-complex but anionoid (nucleo¬ 
philic) substitution " must . . . take place by a direct 5 2 replacement 
through a transition stage of the usual quinonoid type." There are good 
reasons for believing that the two types are similar and may best be con¬ 
sistently formulated as S 2 replacements. Doubt may be cast on the 
validity of a number of statements in the book. Thus, for example, 
Hammick and Mason have already called attention (Chem. and Ind. t 
* 949 , P- 193) to the misrepresentation of their views on the mechanism 
of the benzidine transformation (p. 236). The claim (p. 185) that Hammick 
et al. " have shown that picric acid forms complexes . . . with nitro¬ 
benzene and that the stability of the complexes is greater than that of 
benzene " has been denied by Dr. Hammick to Dr. Weiss (ibid. p. 226), 
who has also pointed out (ibid. p. 274) that the statement (p. 133), that 
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in the radical mechanism of the Cannizzaro reaction, “ the chains must 
be long/’ is contrary to his published views. In the pinacol-pinacoline 
change groups are stated (p. 213) to migrate more readily, the more positive 
(i.e. electron-attracting) they are: actually the order seems to be that 
of electron-release. 

Misprints, though not numerous, are often such as to add to the reader’s 
difficulty in following the author’s arguments. 

These aspects (and other examples could be given) detract from a 
most stimulating and often original treatment of the mechanism of a 
whole range of heterolytic organic reactions on the basis of electronic 
theory (which is clearly explained in the earlier chapters), and a more 
brief, but adequate treatment of free-radical reactions in the concluding 
chapters. For the more advanced experienced worker, able to bring 
to the book a developed critical faculty, it is a valuable and stimulating 
work but, in the reviewer’s opinion, it is less suited to the needs of students 
making a first approach to this treatment of organic chemistry. 

Needless to say the production conforms to the high standards associ¬ 
ated with the Oxford University Press. 

J. W. B. 



CORRIGENDA 

Page 687, Fig. 2. For Cl" read C10 4 " throughout . 

„ „ „ 3. For C10 4 " read Cl” throughout. 

„ 692, line 1. For 250° C. read 270° C. 

„ „ „ 6. For occurs after ca. 1 min. read occurs after ca. 5 min. 

,, <>17. In Table 1, the column headings of the lower half. 

For 
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RNO, 

RbAc 
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kh,po 4 
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Rbiir 

Rbl 

RbNoJ 

PbAc 
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270° C. 1 a. 5 mm. 















SOME FUNDAMENTAL DEFINITIONS 
AND CONCEPTS IN DIFFUSION PROCESSES 


By G. S. Hartley and J. Crank 
Received 13 th January, 1949 

The definition of a diffusion coefficient is examined critically, with particular 
reference to the necessity of defining clearly the section across which the rate of 
msfer of the diffusing substance is measured, and the units of concentration 
id ..pace co-ordinate adopted. Tt is shown that, by suitable choice of these 
hree factors, the one-dimensional diffusion behaviour of a two-component 
can always be represented in terms of a single variable diffusion co¬ 
even if the partial molal volumes of the two components vary with 
>ition. 

j ne relations between the diffusion coefficients defined with respect to three 
rerent frames of reference of practical importance are established, and several 
standard methods of measuring diffusion coefficients are examined in order to see 
which coefficient is observed in each method. Some applications of the different 
frames of reference are discussed. 

The physical nature of a pure diffusion process is discussed in terms of random 
molecular motions. It is suggested that, in a binary solution, the net rate of 
transfer of either component is the result of a transfer by pure diffusion coupled 
with a transfer of that component due to a mass-flow of the whole solution. 
The mass-flow is due to the fact that, in general, the intrinsic rates of pure 
diffusion of the two components will differ and hence there is a tendency to 
set up a hydrostatic pressure in the solution which is relieved by a mass-flow. 
Reference is made to an experimental demonstration of the mass-flow in a 
particular system, in which one component is a high polymer. 

A tentative quantitative theory is proposed, incorporating the effect of 
mass-flow, and an expression for the mutual diffusion coefficient in a thermo¬ 
dynamically noil-ideal binary solution is derived. 


1. Definition of a Diffusion Coefficient. —Quantitative measurements 
of the rate at which a diffusion process occurs are usually expressed in 
terms of a diffusion coefficient. The present discussion is confined to 
diffusion in one dimension only, in which case the diffusion coefficient 
is defined as the rate of transfer of the diffusing substance across unit 
area of a section, divided by the space gradient of concentration of the 
substance at the section. Thus, if the rate of transfer is S, C the con¬ 
centration of diffusing substance and if ,1 denotes the space co-ordinate, 
then 


and (1) is a definition of the diffusion coefficient D. In order that this 
definition shall be unambiguous it is necessary to specify carefully the 
section used and the units in which S, C and x are measured. Only the 
simplest system of practical importance is considered, which is a two- 
component system, since it is not possible to set up and observe a con¬ 
centration gradient of a single substance in itself without introducing 
complicating features such as pressure gradients, etc. The diffusion of 
isotopes is best regarded as a special case of a two-component system. 

2. A Frame of Reference when the Total Volume of the System 
remains Constant.— Consider the inter-diffusion of two liquids A and B 
in a closed vessel and assume that there is no overall change of volume 
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of the two liquids on mixing. Two diffusion coefficients D\, one 
for each liquid, may be defined by the relations 





( 2 ) 


s 


Ji — 


h bx ' 


( 3 ) 


C k and C„ are the concentrations of A and B respectively, each expressed 
in the usual way in any convenient unit of amount (e.g. g. or, in the case 
of simple molecular substances, g. mole) per unit overall volume, S k 
and S B are the rates of transfer of A and B measured in the same units of 
amount per unit time, across a section which is defined by the condition 
that the total volume on either side of it remains constant as diffusion 
proceeds. In the particular case under consideration it is therefore 
fixed with respect to the containing vessel. The origin from which x is 
measured is such that the #-co-ordinate of the section is constant. 
x is measured in normal units of length, e.g. cm., and the same unit of 
length is used in measuring the volume which appears in the definition 
of concentration. If the unit of time adopted is the second it follows 
that the units of D\ and D B are each cm. 2 sec. -1 . These somewhat 
obvious statements are made here in full because it will be seen later in 
§ 4 below that other scales of length and alternative ways of measuring 
concentration are more suitable in some circumstances. 

Let V k and V B denote the constant volumes of the unit amounts 
used in defining the concentrations of A and B. Thus if C k is expressed 
in g. per unit volume, V k is the volume of i g. of A. In dilute solutions, 
where the volume changes in the range of concentration concerned can 
be considered negligible, V k and V h will be the partial specific or molar 
volumes. That of the solute may be very different from the specilic 
volume in the pure state. The volume transfer of A per unit time across 
unit area of the section defined is therefore 


and that of B is 


-DIV, 


ac A 

x ’ 


-D\V 


B 


dCu 
bx * 


By definition of the section as one across which there is no net transfer 
of volume we have immediately, 


bC 




D l v ^ + D l v *~?=°- 


bx 


( 4 ) 


The volume of A per unit overall volume of solution is V k C k and of B 
is V B C lt , so that, since only molecules of A and B are present, we have 


y tfik ~h - L 

which, following differentiation with respect to x , becomes 

r.§ + K,*S-. . . 


( 5 ) 

( 6 ) 


In order that (4) and (6) shall both be satisfied it follows that 


or else that 
If V k - o and V B 


K - K 


v k — °> ° r y b = o. 

* o, it follows from (6) that 

d£n _ 

bx 


( 7 ) 

( 8 ) 


( 9 ) 
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and further reference is made to this case in § 3(c) below. In either case 
the behaviour of a two-component system, satisfying the condition of 
zero volume change on mixing, may be described in terms of a single 
diffusion coefficient, which may vary with composition. It is convenient 
to refer to the single coefficient as the mutual diffusion coefficient, denoted 
henceforth by D y . This coefficient is familiar in the interdiffusion of 
gases. 1 Its physical significance is discussed in § 6 below. 

3. Some Standard Methods of Measuring Diffusion Coefficients.— 
An examination of the standard methods of measuring diffusion co¬ 
efficients reveals that for the most part they have been applied to systems 
in which the total volume remains constant, or can be assumed to do so 
with sufficiently good approximation, and that the diffusion coefficient 
measured is the coefficient D y introduced above. 

(a) Graham’s Second Method. —The so-called second method of 
Graham 2 consists essentially in placing a solution of the diffusing sub¬ 
stance, e.g. NaCl solution, beneath a long column of water and examining 
the concentrations of the diffusing substance in a number of different 
layers of the water column at subsequent times. This method has been 
elaborated by numerous workers and Stefan’s tables 3 are commonly 
used to facilitate the calculation of a diffusion coefficient from the experi¬ 
mental data. Detailed reference to the various forms of apparatus 
based on this general method are to be found in a review article by 
Williams and Cady. 4 * In all cases the origin from which the space co¬ 
ordinate is measured is the base of the containing vessel and so, provided 
there is no overall change of volume of the system, the diffusion coefficient 
D v is measured. 

(fr) Steady-state Methods. —If a heavier-than-solvent solid is placed 
in the bottom of a vertical vessel and the whole vessel immersed in a 
larger one filled with solvent, diffusion occurs from the saturated 
solution at the base of the inner vessel to a concentration effectively zero 
at its open upj>er end. The dilute solution here “ spills ” over the rim 
and, if the outer vessel is large enough, the conditions in the inner vessel 
will remain effectively steady over a long period. This first, or “ bath " 
method of Graham * has been elaborated by later workers and, by 
arrangement for upward as well as downward “ spillage,” an approxi¬ 
mately steady-state diffusion layer can be maintained between any two 
concentrations (see e.g. Griffiths 6 ). Clack 7 * 8 * lias described a formal 
correction for displacement of solvent to bring into line experiments 
where a solid is dissolving with those in which neither reservoir is 
saturated. The coefficient obtained by this correction is in effect our 
(see below). 

When the two solutions have only very small difference of density, 
a case of most practical interest in the study of dilute solutions, the 
method is very sensitive to disturbance by convection. This has largely 
been overcome in the porous disc method. Since this is normally applied 
to very dilute solutions, the ambiguities in definition due to volume 
change are small compared with purely experimental errors and the 
theoretical treatment as for constant volumes is adequate. The method 
was introduced by Northrop and Anson 8 and subsequently modified 
by Me Bain and Liu. 10 The diffusion cell consists essentially of a bell¬ 
shaped vessel, closed at the narrow top end by a stopcock and at the wide 

1 Jeans, Kinetic Theory of Gases (Cambridge, 1940). 

2 Graham, Annalcn, 1862, 121, 1. 

3 Stefan, Akad. H 7 iss. Wien. Math, naturw ., Klasse II, 1899, 179, 161. 

4 Williams and Cadv, Chem. Rev., 1934, < 4 * I 7 1 * 

6 Graham, Phil. Trans., 1850, 140, 1. 

6 Griffiths, Proc. Physic. Soc., 1915, 28, 2T. 

7 Clack, ibid., 1916, 29, 49. 8 Clack, ibid., 3921, 33, 259. 

8 Northrop and Anson, J. Gen. Physiol., 1929, 12, 543. 

,0 McBain and Liu, J. Amer. Chem. Soc., 1931, 53, 59. 
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bottom end by a sealed-in sintered-glass disc. The cell is filled with the 
solution, the diffusion rate of which is to be measured, and is immersed 
in the solvent. The function of the porous disc is to allow diffusion to 
proceed through it without interference from convection currents. The 
quantity observed is the rate of passage of solute through the disc in the 
steady state condition. The condition satisfied, because of the design 
of the apparatus, is that the volume of solution in the diffusion cell 
remains constant and therefore measurements of the rate of transfer 
relative to the disc are in effect relative to a section fixed so that the total 
volume on the cell side of it is constant during diffus'on. 

(c) Overall Absorption by a Plane Sheet. —Suppose an infinite 
plane sheet of material B (in practice a sheet the area of whose plane 
surfaces is much greater than the area of its edge) is immersed in a bath 
of solution or in a vapour A. A comparatively simple observation to 
make is the rate of uptake of solution or vapour A by the sheet B. The 
simplest case is one in which the dimensions of the sheet do not change 
appreciably, i.e. the sheet does not swell, as A diffuses into it. This 
implies that V A — o in which case eqn. (8) and (9) hold. This state of 
affairs holds approximately for non-zero values of V k if the concentration 
of A is very small. A method of dealing with the case where volume 
change is important is dealt with in § 4. In the former case the rate of 
diffusion of A is dependent on the coefficient D y and is governed by the 
familiar equation of diffusion in one dimension, 


SCa 

U 



If D v be assumed constant, (10) takes the simpler foim 


*c A 

it 


— D y 


<PC A 


(10) 


(io«) 


A convenient solution of this simpler equation for the boundary con¬ 
ditions 



C\ — C {) — constant, x = ± /, t > 0, 

• (ii) 

and the initial condition 


-— 0, — / ^ x /, / • - 0, . . 

• (12) 

takes the form 



"i», 

M a 0 

0 m - 00 

- I (7*- 4 —,)* exp I)y[2m + l)2 " 2 ' /4, ’ } - 

m — O' ' 

• (13) 


M t is the total amount of A absorbed by the sheet of thickness 2/ at time t, 
and Moo the equilibrium absorption attained theoretically after infinite 
time. By comparing the experimentally measured time at which 
M t jM 00 achieves a certain value, say 0*5, with the value of D v ll^l 2 at 
which M t jMoo calculated from (13) has the same value, D v is readily 
determined if the thickness of the sheet is known. This method has been 
used to determine the rate of diffusion of direct dyes into cellulose sheet 
(Neale and Stringfellow 11 ), and in studying the absorption of oxygen 
by muscle (Hill ,2 ). 

(cl) Optical Methods. —A number of optical methods have been 
devised for measuring the refractive index-distance relation or some 
more complicated relation, from which the diffusion coefficient can be 
calculated if the relation between concentration and refractive index is 
known. In some cases, following Wiener 13 and Thovert, 11 observations 


11 Neale and Stringfellow, Trans. Faraday Soc., 1933, 29, 1167. 

12 Hill, Proc. Roy. Soc. B, 1928, 104, 39. 

13 Wiener, Wied. Ann., 1893, 49, 105. 

14 Thovert, Ann. Physik, 1914, 2, 369. 
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are made of the interference bands produced by light passing through 
different layers of the diffusion cell, or of the deviation of a narrow beam 
of light, while in others the blurring of an initially sharp boundary be¬ 
tween two solutions in contact is observed (Svedberg 15 ; Fiirth 14 ). A 
recent development in optical methods is reported by Coulson and others. 17 
From the point of view of the present paper, however, the optical methods 
of measurement involve no new principle. In all cases the condition of 
zero volume change is considered to hold and measurements are made 
with reference to an initial boundary or fringe on both sides of which the 
volume remains constant, so that in these methods too, D v is measured. 

4. Alternative Frames of Reference, (a) General. —The definition 
of the volume-fixed section used in § 2 above is unambiguous only as 
long as the total volume of the diffusion system remains constant. 
If there is an overall change of volume of the two components on mixing, 
the side of the section on which the volume is to remain constant must 
be chosen arbitrarily, and the diffusion coefficient becomes equally arbit¬ 
rary. In such a case some alternative frame of reference must be used 
in defining the section across which transfer of diffusing substance is to 
be measured. There are clearly several possible alternatives. Thus, 
for example, the total mass of the system will always be conserved even 
though volume is not, and a section can be defined consistently such that 
the mass of the system on either side of the section remains constant 
during diffusion. 

Where a convention other than that of constant volume on either side 
is used in defining a section, the second-order differential equation de¬ 
scribing diffusion may not take the standard form of eqn. (10). It is 
clearly convenient if it can be made to do so since the standard form has 
frequently been used as the starting point in calculations of diffusion 
behaviour. This can always be arranged by departing from the orthodox 
linear scale, e.g. cm., for measurement of the spacial co-ordinate so far 
denoted by ,r, and by measuring concentration in a certain way. Let 
some modified scale of length be denoted by £, and consider two sections, 
fixed on the same convention at £, and £ -}- d£. The rate of entry of A 
into the volume enclosed between these sections is S A and that of departure 

” s. + (§)«• 

The rate of accumulation is therefore 



and this is always true independently of how S A and £ are measured. 
It can only be equated to (<)C A /tM)d£, however, when C A and £ are measured 
in certain consistent units. Thus, if the sections are fixed with respect 
to total mass, then £ must be measured so that equal increments of £ 
always include equal increments of total mass, and C A must be defined 
as the amount of A per unit total mass. Similarly, if the sections are 
fixed with respect to volume or mass of component B, equal increments 
of £ must include equal increments of amount of B, and C A must be ex¬ 
pressed as the amount of A per unit amount of B. In general, for all 
values of £ and t , the element of unit length in terms of £, and of unit 
cross-sectional area, is that which contains an amount of A equal to the 
unit used in defining the concentration C A . When the quantities C A 
and £ satisfy this condition the usual relation 


c )C A „ ~dS A 


• (M) 


15 Svedberg, Colloid Chemistry (Chemical Catalog. Co., New York, 1028), 
2nd ed. 

16 Fiirth el al. t Kolloid-Z., 1927, 41, 300. 

17 Coulson, et al., Proc. Roy. Soc. A, 1948, 192, 382. 
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follows at once and by substituting for S A from the relation 

S *~- D W . (I5) 

we derive the familiar form of the diffusion equation 



which reduces to the form (ioa) when D is constant. 

It is convenient that f should have the dimension of length and D 
the usual dimensions of (length ) 2 (time)" 1 . This can be arranged without 
interfering with the generality or simplicity of eqn. (i 6 ), by multiplying 
the mass of component B (or the total mass of A and B together if this is 
the reference system being used) by an arbitrary constant specific volume. 
The volume represented by the product of a mass B, for example, and 
this arbitrary specific volume will be referred to for convenience as the 
basic volume of that mass of B. 

The concentration of A was defined above as the amount of A per 
unit amount of B. We now re-define the concentration of A as the 
amount of A per unit basic volume of B, and unit £ to contain unit basic 
volume of B per unit area. A convenient arbitrary specific volume is 
that of the pure component B, so that the basic volume of a certain mass 
of B is the volume that mass of B would occupy in the pure state. 

The same arbitrary specific volume is used for concentrations expressed 
in the original definition per unit mass of A and B together, i.e. the basic 
volume of a mass of A and B together is obtained by multiplying the 
mass by the same arbitrary specific volume. This is true also for deriving 
the basic volume of A alone, so that the basic volume has a simple physical 
significance only in the case of the basic volume of B. Nevertheless the 
use of this particular basic volume has the convenience that all the 
concentrations measured in the different frames of reference tend to the 
same value in dilute solutions. 

Concentration is, of course, frequently expressed in a number of different 
ways and so the symbol C A is retained, but the appropriate index V, B 
or M as superscript is added, so that the concentration of A is written 
C\, C\ or C« according as to whether the amount of A is contained in 
unit volume of solution, or in unit basic volume of B or in unit basic 
volume of total mass. According as to whether unit £ contains, per 
unit area, unit basic volume of B or of A and B together the symbol 
(b or is used. The diffusion coefficients I)\, D*, I )“ also carry an 
index to indicate the frame of refeience to which they refer. The 
arbitrary specific volume may be denoted by F„, and then and f M 
are defined formally by the respective relations 

d£„ = K c l^ .(17) 

d£„ = Vl(C v A + QcU. . . . (17a) 

(6 ) Sections Fixed with Respect to Total Mass and Mass of One 
Component. —It was found in § 2 that the behaviour of a two-com¬ 
ponent system satisfying the condition of zero volume change on mixing, 
can be represented in terms of a single diffusion coefficient D v . A similar 
result follows readily for a system in which volume changes occur, pro¬ 
vided the diffusion coefficients are defined with respect to a mass-fixed 
section. Thus the equation defining such a section is 

+ k ~ b - °. • • • (18) 

and the definitions of C* and CjJ lead immediately to the equation 

cf + cj^i/^s.(19) 
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On differentiating (19) with respect to f H and comparing with (18) we find 

Dl m D*. . . . . (20) 

If a section fixed with respect to one component, say B, is used, then 
clearly Djj = o and only the coefficient D“ is needed to describe the dif¬ 
fusion behaviour. Thus the statement that the diffusion behaviour of 
a two-component system can be described in terms of a single diffusion 
coefficient, is valid whether there is a change of volume of the whole system 
or not, provided the appropriate frame of reference is used in defining the 
diffusion coefficient. Frames of reference could be so chosen that the 
two coefficients are not identical and neither is zero, but they would be 
related through some function of the partial volumes and would not be 
independent measures of two separate diffusion processes. The possi¬ 
bility of measuring the diffusion of the two molecular species independently 
is discussed in § 7. 

( c ) Relations between the Diffusion Coefficients : Dj, D*, D®.— 
The rate of transfer of A through a B-fixed section is greater than that 
through a total-mass-fixed section by an amount given by the con¬ 
centration of A per unit mass of B multiplied by the flux of B across the 
mass-fixed section. Thus the flux of A across a B-fixed section in the 
direction of f increasing is 


. iC K r, C K ~ D * 

l)M _ t ~ n —_* 

af* ' cjf c»v° j»f M * 


(21) 


using (19). 

But the rate of transfer across a B-fixed section is — so 

that we have 

Dm df B 


Dx ~ v°pi*U*ci 


From the definitions of C“ and it is easy to show that 


Also since 


we have 


d Cf 

—- = (K°C m ) 2 
dC« V 

A 


dft, - FS(C* + c;)dr, df B = FgCjd*. 


■Sli - 


(22) 

(23) 

(M) 

(25) 


so that finally, by substituting (25) and (23) in (22), we find, 

Dl ^ m(v° R c%)' .... (26) 

since rearrangement of the partial derivatives in (22) is permissible. 
For a system in which there is zero volume change on mixing, so that 
V A and K b are constant, the relation between D” and D v can be similarly 
established. Thus the flux of A across a B-fixed section in the direction 
of f increasing is 

DCl Cl DCZ - D y DCZ 

— Z>v —^ 4- —A —5 = — -. . 27 

ix Cl ix \\Cl 3 * 

using (5) and (6). But the rate of transfer of A across a B-fixed section 
is — Dj dC®/<>£,„ so that we have 


K 


D v 


- (28) 
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From the definition of Cj and C® it follows that 


d£j 

dC® 


= (F B Q*. 


and from (24) we have immediately, 


d£ B _ v r v 
Dx ~ F ® C «’ 


( 29 ) 

(30) 


so that on substituting (29) and (30) in (28) we find 

£» = Z)V(K B Q».( 3I) 

Since (31) applies only when V B is constant, and therefore when V B = V% t 
comparison of (31) and (26) shows that when there is no overall volume 
change accompanying diffusion 

Dm — D v (Cj/C^) 2 = D v (Basic total volume/true total volume) 2 . (32) 


5. Applications of the New Scales of Length and Concentration.— 

It is proposed to discuss briefly two examples which arise in practice 
where it is desirable to adopt one of the alternative frames of reference 
just discussed even though there is not necessarily a change of volume of 
the whole system. 

( a ) Steady-state Diffusion through a Membrane. —In order to 
study the rate of diffusion of a gas or a vapour A through a polymer B, 
a modified form of the porous disc method may be used, in which the 
disc is replaced by a membrane of the polymer and the steady rate of 
flow of A through it is observed. If the membrane swells as the steady 
state is established, and this is most likely to occur, then the thickness of 
the membrane in ordinary units of length, e.g. cm., will vary with time. 
In such a case the modified scale of length may usefully be introduced 
since the thickness on this scale, being the basic volume of polymer per 
unit area of the membrane, remains constant and equal to its unswollen 
value. We are dealing here with transfer across a section fixed with 
respect to one component and the rate of transfer, S A , of A through unit 
area of the membrane is given by 




-K 




(33) 


Integrating (33) with respect to remembering that for steady state 
flow 5 a is independent of £ B , we have 


S A -if *'D*dCl 

A a Jo A A 


(34) 


where a is the thickness of the unswollen membrane, and the con¬ 
centrations of A at the two surfaces of the membrane are C 0 and zero. 
By determining S A experimentally for different values of C 0 and differ¬ 
entiating the curve relating S A to C 0 , the diffusion coefficient D^ is ob¬ 
tained for various concentrations of A. This method has been applied 
by King 18 to the diffusion of water through a horn keratin membrane, 
though the swelling of the membrane and its effect on the diffusion co¬ 
efficient measured was not discussed. If the swelling is in accordance 
with the condition of zero overall change of volume of the system, the 
coefficient D v may be derived by use of eqn. (31). 

(&) Absorption by a Swelling Sheet.— The problem of the absorp¬ 
tion of a vapour or liquid A by a sheet B has already been stated in § 3(c) 
for the case in which no swelling of the sheet occurs. Thus in the boundary 
condition (ti) and the mathematical solution (13) the thickness 2/ of the 
sheet is assumed to remain constant. If swelling occurs, however, the 
condition (11) is to be applied on moving boundaries. Furthermore, 


18 King, Trans. Faraday Soc., 1945, 41, 479. 
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the motion of the boundaries is not known till the solution of the diffusion 
equation has been evaluated and this requires knowledge of the motion 
of the boundaries. The problem is therefore awkward and would, in 
this form, involve some method of successive approximations. When 
re-formulated in terms of the variable of length however, these diffi¬ 
culties are removed and the boundaries of the sheet correspond to constant 
values of £ n . The solution (13) then applies with 2/ denoting the un¬ 
swollen thickness of the sheet and with D y replaced by the coefficient D® 
provided this is constant. In the likely event of D\ being dependent 
on the concentration of A, the comparison of experimental and calculated 
absorption-time curves suggested in § 3 (c) yields some mean value of 
D®. A method of deriving the concentration dependence of the diffusion 
coefficient from a number of mean values of this kind is described else¬ 
where (Crank and Park 19 ). 

(c) Diffusion of One Substance through a Second Substance 
which is Confined Between Membranes. —A case of considerable 
theoretical interest is the steady state of diffusion of one substance through 
another when the second substance is confined between membranes. 
Let the membranes be impermeable to B and let the concentrations of 
A in contact with the membrane be maintained by supply and removal 
of A through the membranes from and to reservoirs of vapour or of solu¬ 
tion of A in B or other irnpermeant substance. 

At the steady state, sections at fixed distances from the membranes 
are fixed with respect to amount of component B, and the rates of transfer 
of A across all such sections must l>e equal, so that 

ISC 1 ' 

- D® = const.(35) 

We will assume that the partial volumes are constant. By substitution 
of (24), (29) and (31), (35) becomes 


1) y 

- ' const. 

I V * ,'; v 


(36) 


- const. 


(37) 


Substituting from (6) we have 

a( :v 

Lc; 17 

If, instead, we maintain the steady state by substituting membranes 
permeable only to B and supplying and removing B in the reverse direc¬ 
tion we find, by interchange of A and B in (30) and reversal of signs to 
allow for reversal of direction 


D v dCj 

v\cl Tx 


const. 


(38) 


It is evident that eqn. (37) and (38) require different concentration- 
distance functions. The steady state is therefore different, even between 
the same concentration limits, according as to which component is con¬ 
strained and which is free to diffuse. 

This difference is particularly evident in dilute solutions. We shall 
assume here, in the interests of further simplicity, that D v is constant. 
The concentration of A being very low, V h Cj can be assumed to be unity. 
Eqn. (36) now becomes 


D y _ A — constant rate of transfer of A. ... . (36a) 

'bx 

This is valid for A diffusing and B restrained. 

19 Crank and Park, Trans. Faraday Soc., 1949, 45, 240. 
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Substituting from (6) we may modify (38) to 
£> v dCT Dv & 

-— —-(log C A ) " constant rate of transfer of 13 . (38a) 

F lt C A d* F„ dx 

This is valid for A restrained and B diffusing between the same concen¬ 
tration limits. 

It will be seen that, when the dilute component is diffusing, its con¬ 
centration gradient, under the.se simple conditions, is linear. When 
the same limits are maintained by di If using the “ solvent ** through 
membranes impermeable to the solute, the gradient of the logarithm of 
concentration of the latter is linear and hence the concentration itself 
varies exponentially with distance. 

When the total fall of concentration AC A of the dilute constituent 
is small compared with its mean concentration, (36a) becomes 

D y 

rate of transfer of A = •— A C y k , • • • (366) 

CL * 

and (38a) becomes 

Z)V ACJ 

equivalent rate of transfer of B —--— . . (386) 

ci C A Vn 


where a is the distance between the membranes. The rate of diffusion 
of water in such a system down a given small mean vapour pressure 
gradient is therefore expected not to be constant but to be inversely 
proportional to the mean concentration of the solute. It will further be 
proportional to the diffusion velocity of the solute given by (366). Thus 
if water diffuses from 99-1 to 99-0 % relative humidity through a layer 
containing hydrogen chloride, it will do so about twice as rapidly as when 
the layer contains sodium chloride. If the diffusion occurs from 90-1 
to 90-0 % relative humidity, each rate will fall to one-tenth of its former 
value. 

These conclusions refer to the case where the membranes are separ¬ 
ated by a fixed distance. If, as is more likely to be true in practice, the 
membranes confine a given amount of component A so that the volume 
between them will vary inversely as the mean concentration of A, the 
distance a in (38 b) will be more nearly inversely proportional to C A than 
constant. In this case the rate of transfer of B will be, to a first approxi¬ 
mation, dependent on AC A only and not on the mean value of C A This 
result would be obtained diiectly of course from equations in £ as in the 
treatment already given of the swelling membrane. Diffusion of solvent 
through a constant amount (per unit area) of solute is thus simpler than 
diffusion through a constant thickness. This conclusion is not at once 
obvious and may have some important applications in physiological 
processes. 

A second conclusion of interest may be drawn if we consider what 
happens in such a steady state system, if the membranes arc suddenly 
rendered completely impermeable. Sections fixed with respect to the 
membranes are now fixed with respect to volume of solution. The change 
of concentration with time will therefore from now on be governed by 


a 



(39) 


but, at the instant of change of membranes, eqn. (36) still holds if A 
has been the diffusing component, whence 



, t t *CI 
— const, x Ft, -V 
*x 


const. X V 


<Xv 


(40) 
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Combining (39) and (40) we obtain 

(%) c =-const, x IV . . (41) 

for C A constant. Now the constant in (35) and (41) is the rate of transfer 
of A at the steady state in standard units of amount. Multiplied by 
V A it represents the volume rate of transfer of A, or, since we are always 
considering transfer across unit area, the linear apparent velocity with 
which A was passing through the system. 

We thus find that, at the instant of cessation of flow through of A, 
the whole concentration-distance distribution commences to move back¬ 
wards at the velocity with which substance A previously passed through 
the membrane. With increasing time, the distribution will, of course, 
flatten out from the low concentration u])wards as the substance A 
diffusing down the gradient now accumulates. 

It is evident, therefore, that in the steady state during the passage 
of substance A, there was superimposed on the statistical diffusion process 
a real flow of the whole system. The physical significance of compensat¬ 
ing mass-flow is dealt with in § 6. 

6. Physical Picture of Pure Diffusion and Compensating Mass- 
flow.—Probably a majority of students are first introduced to the subject 
of diffusion by way of the classical experiment in which a tall cylindrical 
vessel has the lower part filled with, say, iodine solution and a column 
of solvent is carefully placed on top so that no convection currents are 
set up. In this initial state there is a sharp, well-defined boundary 
separating the coloured solution from the pure solvent above it. On 
inspecting the system later it is found that the upper part has become 
coloured, the lower part being correspondingly less intensely coloured, 
and after sufficient time the whole solution appears uniformly coloured. 
It is therefore evident that a transfer of iodine molecules from the lower 
to the upper part of the vessel has occuried, this transfer taking place in 
the absence of convection currents. This is the process commonly re¬ 
ferred to as diffusion, the iodine being said to have diffused into the 
solvent. 

Now if it were possible to watch the individual molecules of iodine, 
and this can be done effectively by replacing them by particles small 
enough to share the molecular motions but just large enough to be visible 
under a microscope, it would be found that the motion of each molecule 
is a random one. I11 a dilute solution each molecule of iodine behaves 
independently of the others, which it seldom meets, and each is constantly 
undergoing collision with solvent molecules, as a result of which collisions 
it moves sometimes towards a region of higher, sometimes of lower, con¬ 
centration, halving no preferred direction of motion towards one or the 
other. The motion of a single molecule can be described in terms of the 
familiar “ random walk " picture, and whilst it is possible to calculate 
the mean square distance travelled in a given interval of time it is not 
possible to say in what direction the molecule will move in that time. 
That is, if a molecule is observed at a given time the contours of equally 
probable displacements at successive times will be consecutive spheres 
with centre at the original position of the molecule, provided that the 
time between two successive observations is great compared with the 
time between two successive molecular collisions. 

This picture of random molecular motions, in which no 111 decide 
lias a preferred direction of motion, has to be ieconcded with the fact 
that a transfer of iodine molecules from the region of higher to that of 
lower concentration is nevertheless observed. Consider any horizontal 



812 


DIFFUSION PROCESSES 


section in the solution and two thin equal elements of volume one just 
below and one just above the section. Though it is not possible to say 
which way any particular molecule will move in a given interval of time, 
it can be said that on the average a definite fraction of the molecules 
in the lower element of volume will cross the section from below and the 
same fraction of molecules in the upper element will cross the section 
from above, in a given time. Thus, simply because there are more mole¬ 
cules in the lower element than in the upper one, there is a net transfer 
of molecules from the lower to the upper side of the section as a result 
of the random molecular motions. 

Where the solution is thermodynamically non-ideal, the movement 
will not be entirely random, even apart from the effect of compensating 
mass flow referred to below. If the molecules, as is generally the case, 
find themselves in a less favourable molecular force environment in 
solution than in the pure state (or more concentrated solution), then, 
in a gradient of concentration, they will experience a real average force 
in the direction of higher concentration and therefore have a component 
of real velocity opposing the statistical flow. 

Similarly, in the presence of a temperature gradient, a gradient of 
molecular force will arise which will not in general be the same for both 
components. This will give rise to a real velocity of the molecules 
which will cause a slight separation of the two components and a con¬ 
centration gradient will be built up. This phenomenon, the Soret effect, 
is usually called “ thermal diffusion*'. For the reasons discussed above, 
Toms and one of the present authors (G. S. H. a0 ) have suggested that 
“ thermal migration " would be a more correct name. In the correspond¬ 
ing phenomenon in gases the primary effect in the thermal separation is 
difference in mass of molecules and thermal diffusion may be a more correct 
term. There is no doubt, from the highly specific nature of the effect in 
liquids, that the force field effect predominates. 

In the simplest case, where the molecules of A and 13 are identical 
in mass and size, the rates of transfer of the two components, due to 
random motion across a volume fixed section, may reasonably be ex¬ 
pected to be equal and opposite. In general, however, differences of mass 
and size of A and 13 molecules result in the transfer of A by random 
motions being greater or less than that of B. Consequently a hydro¬ 
static pressure tends to be built up in the region of the solution which 
contributes least to the volume rate of transfer. This pressure is relieved 
by a compensating mass-flow of A and B together, that is of the whole 
solution (Hartley 21 ). 

The overall rate of transfer, say of component A, across a volume- 
fixed section may thus be expressed as the combined effect of a mass-flow 
and a transfer due to pure diffusion, that is due to the random motions 
of non-uniformly distributed A molecules. Since the amount of A trans¬ 
ferred by the mass-flow of the whole solution is proportional to the concen¬ 
tration of A, it follows that the diffusion coefficient D\ must necessarily 
be a function of the concentration of A, a result which was deduced 
above by a slightly different method. 

Whilst the resolution of the overall transfer of matter into a mass- 
flow and a pure diffusion process, is mathematically simple, in the physical 
picture of such a combination it is not quite as easy to separate out diffusing 
molecules from those taking part in both processes simultaneously. 

It is, however, possible to demonstrate the separate existence of pure 
diffusion and mass-flow in the case of gases,when diffusion occurs across 
a porous plate which offers considerable viscous resistance. In this 
case an increased pressure is found to arise in that part of the vessel 
occupied initially by the slower diffusing component. Similarly, in a 

20 Hartley and Toms, Nature , 1946, 158, 451. 

21 Hartley, Trans. Faraday Soc., 1946, 42B, (>. 
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liquid system, the separation takes a tangible form if, between the two 
solutions, a membrane is inserted which is permeable to one component 
only. In this case diffusion occurs until a definite equilibrium pressure, 
familiar as the osmotic pressure, is built up and restrains further diffusion. 

The interpretation for liquids and solids appears simpler if the current 
model of diffusion, in which it is assumed that a molecule spends most of 
its time oscillating within a cage or hole formed by the closely packed 
surrounding molecules is accepted. The molecule performing this 
oscillatory motion will occasionally acquire sufficient energy to break 
through the surrounding potential barrier and thus form a new constella¬ 
tion of neighbours. It is then said to undergo diffusion, and calculations 
of the energy required by a molecule before it can jump in this way show 
that, in a typical case, less than 1 % of the total number of molecules are 
undergoing a net displacement relative to the surrounding molecules at 
any time. Thus in this case it is permissible to think of the diffusing 
molecules, i.e. those undergoing jumps, as distinct from the surrounding 
oscillating molecules which take part in the mass flow, if any. The 
theoretical diffusion coefficient, calculated in terms of the frequency of 
the molecular jumps, thus gives the rate of diffusion relative to surrounding 
molecules, i.e. mass-flow is not included. 

The distinction between jumping molecules and those which merely 
oscillate enables us to suggest a molecular mechanism for the compensating 
mass-flow. Molecules do not always jump into holes which are adequate 
to accommodate them. They may pass through a very unstable stage 
of high potential energy to a new position which, although it has lower 
energy than the barrier just passed, has higher energy than the space 
w f hich has been vacated. As a result the new constellation of neighbours 
is pushed slightly further apart in order to reduce potential energy. This 
effect will be greater in general where it results from the molecules which 
are intrinsically capable of more rapid diffusion. The additive effect 
over a large number of such processes is the microscopic increase of hydro¬ 
static pressure which is relieved by the mass-flow. 

We have mentioned above that the microscopic picture of pure dif¬ 
fusion can be represented in terms of a series of contour shells about the 
initial position of any molecule, which represent equal probabilities of 
displacement after a finite time interval. In the general case, when 
mass-flow takes place concurrently with pure diffusion, these contours 
will assume an ellipsoidal form which can be resolved mathematically 
into the sum of a random displacement proportional to the square root 
of the time interval and a linear displacement proportional to the time 
interval. 

7. Intrinsic Diffusion Coefficients.—From the point of view of 
interpreting diffusion coefficients in terms of molecular motions, the 
mutual diffusion coefficient, Z) v , thus appears to be unnecessarily com¬ 
plicated by the presence of the mass-flow. It is desirable to define new 
diffusion coefficients, @ K and Sf^ in terms of the rate of transfer of A and B, 
respectively, across a section fixed so that no mass-flow occurs through it. 
Such a section may be in practice impossible to determine, except in special 
conditions mentioned below. It is fixed in a different way from any of 
the other sections previously dealt with, and it must follow the mass-flow 
although this flow is not normally directly observable. These new dif¬ 
fusion coefficients will be referred to as “ intrinsic diffusion coefficients.” 
When the partial volumes aie constant they are related to the mutual 
diffusion coefficient in the following way. 

On one side of a section fixed so that no mass-flow occurs through it, 
there is a rate of accumulation of total volume of solution, which may be 
denoted by </>, where 




■ (42) 
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<j>, as thus defined, is actually the rate of increase of volume on the side of 
smaller x, and this must be equal to the rate of transfer of total volume 
by mass-flow across a volume-fixed section. Such a mass-flow involves 
a rate of transfer of A of <j>C\, so that, equating two expressions for the 
net rate of transfer of A across the volume-fixed section, we find 

. . . <„> 

^X bx 

On substituting for <j> from (42) and using (6) we have finally 

D y = V K C\ - ® k ) + . . . (44) 

If the molal volumes vary with composition, the coefficient D y has 
no significance, but @ can still be defined in terms of the rates of 

transfer of A and B respectively across a section which moves so that 
there is no mass-flow of A and B together, through it. It is convenient 
in this case to relate the intrinsic diffusion coefficients to D®. Since 
the net rate of transfer of B through a B-fixed section is, by definition, 
zero, it follows that the contributions to the transfer of B resulting from 
the overall mass-flow and from the true diffusion of B relative to the mass- 
flow, must be equal and opposite. The rate of transfer of B by true dif¬ 
fusion relative to the mass-flow is 


in the direction of x increasing, and hence the volume transfer of the whole 
solution accompanying mass-flow with respect to the B-fixed section 
is given bv 

(^) 

in the direction of x increasing. 

This produces a rate of transfer of A through the B-fixed section of 




due to the mass-flow. This is to be combined with the rate of transfer 
of A relative to the mass-flow which is given by 

^ acy 


to give the net rate of transfer of A across a B-fixed section, which is simply 


Thus we have the equation 

w ac“ 

- D“— : 


C l 

if. 


' ± + -i 3 , 
x Cl 


When the molal volumes are not constant, the relation 

I a^a F V j,C H = t , 

still holds, but the differentiated form (6) is to be replaced by 

( w dr A \ac! / d f b \ acy 
( K * H - CI dc: )^ + ( f - + c, -5s)^“°- 


Kv,(ci)\ 


Since 
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it follows immediately from (30), (45) and (46) that 


(CnC^Cj ;) 1 


Ca V_k + CldVJdCl 

1 Cjj V H + CldV„ldCl 


This reduces to (44) when V A and V B are constant. 

It is not possible, therefore, to deduce the values of 2 $ k and separ¬ 
ately, unless some other information is available or some approximation 
can be made. The frame of reference is not one which can normally 
be located experimentally. One of us (Hartley 21 ) has introduced a tech¬ 
nique which makes it possible to do so in certain special circumstances. 
We require reference points which move with the bulk of the solution 
as a whole and these can be provided by particles of inert solid, too large 
to diffuse, suspended in the solution, which must, however, be so viscous 
that the movement of the particles under gravity can be ignored. This 
is possible, in the case of a swelling polymer, over a considerable range 
of concentrations. The particles can be inserted into the original un¬ 
swollen polymer in the form of a scale which can then be used as an 
experimental £ scale for diffusion calculations. As it has been exploited 
so far, it is doubtful whether this method can be used in concentrations 
where the value of (referring to the polymer molecules) is distinguish¬ 
able from zero. The method is capable of further refinement, however, 
and eventually it may be possible to use it for actual measurement of Q) B . 

Where can be assumed zero, substitution in (44) gives 




D ▼ 


(48) 


In this case, therefore, the intrinsic diffusion coefficient of A and its 


dependence on the concentration of A can be deduced from observations 
of I)*. 


8. A Tentative Quantitative Theory for all Concentrations of a 


Binary Solution. —According to Nernst’s method, the solute, in a con¬ 
centration gradient, is considered to be driven down the gradient by a 
force determined by the gradient of osmotic pressure. The velocity of 
the solute molecules under the influence of this force is obtained by 
dividing by a resistance coefficient which, according to Einstein, can be 
taken to be that of a sphere of volume equal to the molecular volume. 
There is some disagreement about this derivation of the coefficient, e.g. 
it is considered that 47m gives a better fit for small molecules than the 
67 ra of Stokes’ law for macroscopic spheres of radius a. There is also 
good evidence that, for extremely unsymmetrical molecules, the estimate 
recpiires correction. These points, however, will not concern us here. 
We shall simply accept the resistance coefficient as ay, where a is a function 
of molecular size and shape without necessarily assuming it to be inde¬ 
pendent of the viscosity 77. We might therefore replace ar\ by a single 
symbol but we leave it as a product to indicate that, in simple solutions, 
a is approximately independent of 77. 

The conception of an osmotic pressure gradient as a driving force is 
theoretically unsatisfactory for several reasons, not least of which is one 
noted above, that, in pure diffusion in a simple solution, no molecule 
has any finite average velocity in any preferred direction. The osmotic 
pressure method does, however, give the correct result and there follows 
below an equivalent treatment free from the theoretical objections. 

Let the gradient of (low) concentration C A of A be maintained in an 
equilibrium condition by the application of a force F A per g. mole of A 
in the direction of increasing at. This is purely a hypothetical operation 
but can be realized in the case of large molecules much different in density 
from the solvent, by a centrifugal held. The condition for this thermo¬ 
dynamic equilibrium is, for an ideal dilute solution, 


h ^ l og C A 
< 5 * 


( 49 ) 
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In the absence of the concentration gradient the force F k will produce 
a real average velocity v k of the A molecules in the direction of increasing 
x, where 


V k = 


— A —, > 
N a k ri 


( 50 ) 


and therefore a rate 
where 


of transfer S' k g. mole/sec. across unit cross-section, 


S'a 


l±JL 

N Orf 


C k 


(51) 


and N is Avogadro's number. 

Since this real migration is exactly balanced when the concentration 
gradient is operating together with the force F k , we may assume that, 
in the absence of the force, the gradient will produce a transfer, by dif¬ 
fusion, of equal magnitude but opposite in sign ( S k — — S\). Since 
the diffusion transfer S k is defined by 


Sa 



(52) 


we obtain, combining (49), (51) and (52), 




RT 1 
N a K r, ’ 


( 53 ) 


The thermodynamic relation of a concentration gradient to the force 
necessary to maintain it, and the equality in magnitude but opposition 
in sign of the transfers of solute produced by the gradient and the force 
acting separately, is the logical essence of the classical method of cal¬ 
culating diffusion coefficients in liquid systems. 

In attempting to extend the theory to concentrated solutions three 
complicating factors must be taken into account— 

(i) The thermodynamic equilibrium equation (49) must be generalized 
to make allowance for the deviation from ideal solution behaviour 
which will usually arise when the concentration is increased. 

(ii) Some correction must be made for the effect of interference between 
solute molecules on their velocity under the influence of a steady 
force, when their distribution may no longer be considered entirely 
random. (The “ relaxation " and 0 endosmotic " terms of the 
Debyc-Hlickel theory of electrolyte conductivity are a special case 
of this.) 

(iii) Allowance must be made for the displacement of one molecular species 
by the other. 

We shall not consider (ii) further in detail in this discussion, but simply 
accept the possibility that, in the expression for the average resistance 
coefficient, a k -q, of A molecules in the solution, the value of a k may in¬ 
volve other factors than the effective radius of individual A molecules 
and may therefore vary with the composition of the solution, (i) is 
simply dealt with by orthodox thermodynamics, and if suitable measure¬ 
ments have been made in the system, e.g. of vapour pressure at all 
compositions, the correction can be made quantitatively precise. The 
relevant equations are interpolated below in dealing quantitatively with 
(iii) which has been discussed qualitatively above. In what follows we 
shall assume for simplicity that the partial volumes are constant. 

A generalized theory has already been presented by Ole Lamm. 1 * 
This author presents the thermodynamic correction in precisely the same 
way but treats the viscous resistance problem in a radically different 
way which seems to us to be even more remote than our own from prac¬ 
tical usefulness. He does not make the distinction as we have done be¬ 
tween pure diffusion and real flow and it seemed simpler to treat the 


28 Lamm, J. Physic. Chem., 1947, 51, 1063. 
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subject anew rather than to attempt to relate our conclusions to his 
equations. 

According to the accepted definition of the activity coefficient /, 
the thermodynamic equilibrium equation ( 49 ) becomes, in its generalized 
form 


F A „ XT. 

dx 


where N A is the mol fraction of A. 
Similarly 

F„ = RT 


(54) 


(55) 


We may note that the total force acting, at equilibrium, on a volume 
containing a total of 1 g. mole of A and B together, is 

JV A F A + N U F V = RT(*p^ ^ + «.»?), ( 5 6 ) 

A A ^ u B V d log N a 3a d log N„ 3* / 


by ( 54 ) and ( 55 )- 

Since the Duhem relationship gives 

dlogA TJj, = d log N h f u 
d log N k d log A 7 ,, ' 


and, since 
and therefore 


A T A + Nb- l 
= _ aiVy 
3a 3a 


(57) 


it follows from ( 56 ) that this total force is zero, as is of course necessitated 
by the condition of equilibrium. We have now to estimate the transfer 
rates of A and B produced by the forces F k and F h if acting in the absence 
of the balancing composition gradient. 

The hydrodynamics of the movement of closely contiguous spheres 
is obviously a subject of great complexity. It is, however, unimportant, 
in the derivation of the condition of thermodynamic equilibrium between 
a concentration gradient and a maintaining force, whether this force 
operates uniformly over all the molecules or is unequally distributed be¬ 
tween them, provided the distribution is entirely indiscriminate and 
changes with time. We shall therefore considerably simplify the hydro- 
dynamic part of the calculation by considering the force, F k , acting per 
g. mole of A, to operate at any one instant only on so small a fraction of 
the A molecules that the velocity of these molecules is uninfluenced by 
the numerous other A molecules in the vicinity. 

Thus we replace the force F Kt N acting on every molecule (at a given 
value of x) by a force A F K lN acting on a small fraction, ijk only, of these 
molecules. These will have a velocity hv A where 


A ' Nw 

and the resulting rate of transfer of A is 


C k 


Nw 


C±F A 
No A l) 


g. mole /sec. 


(58) 

(59) 


Since this is equal and opposite to the rate of transfer of A by diffusion, 
in absence of the force, relative to a section through which there is no 
mass-flow, we have on substituting for F A from ( 54 ) 

/» ac A c k RT a log N k f h 

-* A T7 ~ 'Nw 3^ ' ’ ‘ ' ' } 




RT d log A’ a / a 
Norf d log C A ' 


(61) 


and hence. 
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By using the relations 

c K v k + C is V B 
it can be shown that 


r> + N b = i, N k C u — iV B C A , 


dJog N a 
d iog' t' A 


V*C A ’ 


so that (61) may be written 


a _ *1 d } °g ^a/a 

A \\C k d log N a ’ 


Similarly it can be shown that 


- 


RT N„ d log N n f n 


(62) 


(63) 


( 6 4) 


No u i) V A C 9 d log JV B 
On substituting from (63) and (64) in (44), recalling (57), we have finally 


Dv 


RT d log N A / A /Njj 
N d log iV A \a A T] o b tj 




(65) 


This is an expression for the mutual diffusion coefficient D v in a binary 
solution, whose thermodynamic behaviour is non-ideal, when the effect 
of the overall mass-flow of the solution is included. 
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HYDROGEN BONDING IN CERTAIN 
MONO-NITRONAPHTHYLAMINES 


By D. E. Hathway * and M. St. C. Flett 
Received 26 th January, 1949 

Measurements have been made of the amino and nitro group frequencies 
of certain mono-nitronaphthylamines. It is concluded that whereas intra¬ 
molecular hydrogen bonding occurs in the i-nitro-2-amino and 2-nitro-i-amino- 
compounds, it is weak or absent in the 8-nitro-i-amino- and 3-nitro-2-amino- 
cases. 


The ultra-violet spectra of thirteen of the fourteen possible mono- 
nitronaphthylamines have previously been reported L 2 and certain 
structural inferences drawn. It was thought that an examination of 
their infra-red spectra, particularly in those cases where the groups are 
adjacent and intramolecular hydrogen bonding is possible, might give 
further information. The detection of hydrogen bonding by observing 
changes in the frequencies and intensities of the bands associated with 
the groups involved is well known. 3 Accordingly, the two bands near 
350° cm." 1 associated with NH 2 groups and the band near 1350 cm.” 1 
associated with aromatic —N 0 2 groups 4 have been examined. Dilute 
(o-i %) solutions of the amines in carbon tetrachloride were used to 
eliminate the possibility of intermolecular interactions. The frequencies 
are listed in Table I. 

* Present address : Department of Organic Chemistry, The University, 
Liverpool. 

1 Hodgson and Ilathuay, Trans. Faraday Soc., 1945, 41 , 115. 

■ 2 Ibid., 1947, 43. b 4 3. 

3 E.g. Pauling, Nature of the Chemical Bond, Ch. IX. 

4 Thompson, /. Chem. Soc., 1948, p. 328. 
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It appears from these figures that intramolecular hydrogen bonding 
occurs to a marked extent in 2-nitro-i-naphthylamine, to a lesser extent 
in i-nitro-2-naphthylamine, and is very weak or absent in 3-nitro-2- 
and 8-nitro-i-naphthylamines. Since the molecules are aromatic in 
nature, the substituents will (except probably in the 1 : 8 compound) 
be practically co-planar with the nucleus, and the explanation for bonding 

TABLE I. —Data for Substituted Naphthalenes 


Substituent (s) 

N H Vibrations 
(cm. i) 

—NO* Vibrations 
(cm. -1 ) 

I-Amino .... 

3486, 3412 

_ 

2-Ammo .... 

3490. 3410 

— 

i-Nitro .... 

— 

I 34 J 

2-Nitro .... 

— 

!347 

2-Nitro-i-amino . 

35 2 &, 337 8 

1350 (weak) 

1300 (strong) 

8-Nitro-i-amino . 

3485, 3410 

1339 

i-Nitro-2-amino . 

35 ^ 3 . 339 « 

1305, 1320 

3-Nitro-2 -amino . 

3497 . 3413 

J 34 « 

4-Nitro-2-amino . 

349 8 # 3515 

1346 (strong) 

1328 (weak) 

5-Nitro-2-ami no . 

35 <' 5 , 3419 

1340 

7-Nitro-2-amino . 

35 ° 5 . 34 J 9 

1345 

8-Nitro-2-amino . 

3500, 3412 

1335 

3-Nitro-i-amino . 

3507 . 3422 

j 1345 

5-Nitro-i-amino . 

3486, 3408 

! 1343 

6-Nitro-i -amino . 

3494 . 3415 

i 1343 

I _ 


in the QC 2 substituted compounds and its absence from 3-nitro-2- 
naphthylamine may lie in the fact that the CjC 2 bond has the greater 
degree of double bond character. 5 * ’ • This is tantamount to saying that 
intramolecular hydrogen bonding is favoured by an increased degree of 
conjugation between the nucleus and chelate ring. If this conjugation 
were complete, the C,C 2 compound (I) would have a resonating system 
similar to that of phenanthrene (5 resonance forms) whereas the C a C 3 
compound (II) would resemble anthracene (4 resonance forms) : 

O 


H H 

SS o 


/\ /v 


N 


O 


N 




\ 

O 


H 



\ 

II 


I 


II 


A greater degree of stabilization would be expected in the former case. 7 
The absence of bonding in the 1 : 8-derivative, where the groups are 
closer together than in the other cases, shows strikingly that conjugation 
between the nitro and amino group is necessary. The difference between 
the magnitude of the effect in 2-nitro-i-amino- and i-nitro-2 amino- 
naphthalenes may be due in part to the different resonance forms thought 
to predominate in the two cases. 1 ’ 2 

5 Ref. 3 , Ch. IV. 

* Baker, et al., J. Clem . Soc., 1934, 1684 ; 1935. 628 ; 1936, 274, 364. 

7 Carter, Trans. Faraday Soc., 1049, 45, 597. 
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It has been found 8 that 3-nitro-2-naphthylamine is a 10,000 times 
stronger base than the 2-nitro-i- and i-nitro-2-naphthyiammes. This 
may also result from the increased double bond character of the CjCj 
bond over the C 2 C 8 bond. The base form of i-nitro-2-naphthylamine 
will, for example, be stabilized to a greater extent by resonance with 
form III, than 3-nitro-2-naphthylamine will be stabilized by resonance 
with IV. Such resonance stabilization of the ions is not of course possible. 

Data on certain other mono-nitio-naphthylamines are also included. 



Ill IV 


The 4-nit ro-i-amino- and 6-nitro-2-amino-compounds were insufficiently 
soluble for measurements to be made. It has been shown 9 that in sub¬ 
stituted anilines, displacements of the NH Z frequencies provide some 
measure of the extent to which electrons are drawn from or donated to 
the amino group. Drifts in the NH 2 frequencies of those nitro-naphthyl- 
amines where hydrogen bonding does not occur may have a similar sig¬ 
nificance. There is no evidence that this electron withdrawal is increased 
in such cases as 5-nitro-i -amino- and 8-nitro-2-amino- where resonance 
involving both groups is possible (V and VI) : 



V VI 


This suggests that such forms are not of outstanding importance. 

Imperial Chemical Industries, Ltd., 

Research Laboratories , 

Hexagon House, 

Blackley, 

Manchester, 9. 

8 Bryson, Trans. Faraday Soc., 1949, 45, 257. 9 Flctt, ibid., 1948, 44, 767. 


DIFFUSION AND SWELLING OF HIGH POLYMERS 

PART III. -ANISOTROPIC SWELLING IN ORIENTED 
POLYMER FILM 

By G. S. Hartley 
Received it th February, 1949 

The penetration of oriented cellulose acetate film in the plane of the film by 
various solvents and swellers has been examined qualitatively and roughly 
quantitatively. Penetration is much more rapid normal to the preferred direc¬ 
tion of the macro molecular axes than parallel thereto, except in the case of 
certain “ abnormal " solvents which are peculiar also in that they give rise to a 
sharply serrated front of attack in penetration of isotropic film. 
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The magnitude of the difference in penetration rates of normal substances 
is very great and it is doubtful whether there is any penetration at all parallel 
to the macromolecular axes in highly oriented film securely clamped against 
lateral expansion. With less oriented film and oblique penetration there is 
also a quantitative abnormality in that depth of penetration is initially more 
nearly proportional to time than to (time)i. 

Whether this anisotropic penetration is due to anisotropy of the pure 
diffusion process itself or of the swelling that accompanies it cannot be decided 
by the present work but it is probable that both factors are operative. 


In Part I 1 we noted that the penetration of a solvent or sweller into 
a polymer solid is characterized by a visible sharp front of advance. 
In Part II 2 Robinson gave some experimental examples of this pheno¬ 
menon in dealing with the orientation produced by the swelling of cellulose 
acetate on penetration into it of a solvent or sweller. This orientation 
is due directly to the swelling, i.e. to the mass flow component of the 
mutual diffusion process, and commences at the inner boundary already 
sharply defined by refractive index discontinuity. In Part I the incor¬ 
rect, or rather unnecessarily restricted, statement was made that the 
visible boundary indicated a rather abrupt change of refractive index 
and hence of concentration. Further work by Robinson 3 has now shown 
that the refractive index-distance curve is in some cases approximately 
linear with an abrupt termination to its slope, rather than abruptly 
sigmoid. The “ step " which makes a boundary visible may therefore 
be in the refractive index itself or m its gradient. This does not affect 
the qualitative validity of the conclusion previously drawn that the dif¬ 
fusion coefficient must increase very rapidly with increasing concentration 
of solvent or sweller when this concentration is low. 

The phenomenon of the sharp advancing front, although due to a 
complication in the diffusion process not present to so great an extent 
in solutions of simple liquids, offers also an experimental advantage. 
The progress of diffusive penetration can be measured very simply on the 
stage of a microscope by recording the variation with time of the distance 
between the advancing front and a convenient fixed point, or of the distance 
between two such fronts approaching one another from opposite sides of 
a specimen. 

Although this paper is not primarily concerned with quantitative 
results but rather with an initial semi-quantitative survey of some peculiar 
features of diffusive penetration of polymer material, we must briefly 
discuss the significance of these measurements. 

We will represent by x n distance from some fixed point in the appara¬ 
tus to a refractive index discontinuity and by x distance to a point at 
which the concentration of penetrating substance is C (measured on a 
volume scale). Denoting time by t and the diffusion coefficient by D, 
we find the time-distance-concentration behaviour governed by Pick's 
law, 



provided that there is no volume change on solution of the two com¬ 
ponents. This condition is only approximately valid for polymer-solvent 
systems but sufficiently so for the purposes of the present work, as is proved 
by measurements discussed below. Crank and the author have discussed 
elsewhere 4 a method of dealing with diffusion in a system where the overall 
volume is not constant, which enables an equation of the same form as 
(i) to be employed. 


1 Hartley, Trans. Faraday Soc., 1946, 42B, 6 . 2 Ibid., p. 12. 

3 Not yet published. 4 Crank and Hartley (in press). 
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Boltzmann 5 pointed out that eqn. (1) can be converted to express C 
as a function of D and a single combined parameter xt\, provided that 
D is a unique function of C and not independently influenced by t or 
dC Idx. 

It follows from Boltzmann's theorem that, if x is measured from the 
original line of separation of the two pure components, the value of x 
for any one value of C is proportional to tl, i.e. 

(v)r mc]U ■ ■ ■ M 


Since the form of the C — x curve is independent of t, dCjdx and 
d*C/d* 2 will have maximum or minimum values at the same values of 
C for all values of t. Since refractive index can be expected to be ap¬ 
proximately a linear function of C in the range of concentration of interest, 
regions of abrupt variation of refractive index, visible as boundaries under 
the microscope, will also correspond to constant values of C. Whence 
it is to be expected that 


d*„ 

drt 


— const. 


(3) 


The boundary defining the innermost limit of advance of the penetrating 
substance will correspond to some very low, but at present unknown, 
value of C. 

It may here be mentioned that other “ boundaries " may be visible 
by refractive index changes. In the case of non-solvent swellers, the 
outermost boundary is a perfectly sharp phase boundary. Even with 
solvents, a rather indefinite outer boundary can often be distinguished, 
due also, as was explained in Part I, to an enormous variation of diffusion 
coefficient with concentration. In some cases, a '* middle " boundary 
is visible, which was not known when Part I was written. Between the 
inner and the middle boundaries the swollen polymer is always birefringent. 
The birefringence falls to zero when the swelling is sufficiently great, 
due to diffusional relaxation of the polymer molecules. Where a middle 
refractive index boundary occurs, the zone of birefringence terminates 
abruptly at this boundary. 

In many simple cases of penetration into cellulose acetate sheet, it 
has been found that eqn. (3) is valid for the inner boundary and, where 
they are sufficiently sharp for measurement, for the other boundaries 
also. We can therefore conclude that the premises of the above brief 
discussion arc valid and that, despite the very great and peculiar vari¬ 
ation of D with C, D is a single-valued function of C in any one system 
at any one temperature. 

This is, however, only true for simple cases. Perhaps we should say 
that there are many cases in which it is true and these cases are the 
simplest from the diffusion point of view and may be regarded as repre¬ 
senting normal behaviour. We shall here be concerned also with abnormal 
behaviour. 


Experimental 

Materials and Method of Observation.— Commercial cellulose acetate film 
(Courtaulds Ltd.) was used in the greater part of this work but some observa¬ 
tions were also made on a sample of commercial soluble Nylon film, polyvinyl 
alcohol film and films cast in the laboratory from polymethyl methacrylate. 

The cellulose acetate had an acetyl content of approx. 2*3 groups per glucose 
residue and as supplied contained some 25 % by weight of phosphate and phthal- 
atc plasticizers. The plasticizers were removed prior to the penetration 
experiments by soaking the film in a methyl ethyl ketone-butyl acetate mixture 
(40/60 by volume) and then drying in an oven at ioo° C to constant weight. 
There was some evidence that a small amount of butyl acetate was left in the 
film after this treatment. Later it was found that purer film could be obtained 

6 Ann. Physik, 1894, 53, 959. 
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by removing the plasticizer by soaking in methyl alcohol. One or two confirma¬ 
tory experiments were done with this purer material. 

As obtained in this way the film appears isotropic when viewed normally 
in polarized light but has an appreciable uniplanar orientation, 6 i.e. there is a 
tendency for the molecules to lie flat in the plane of the film. Measured by a 
method which will be described elsewhere, the difference in refractive index 
between light with electric vector in the plane of the film and light with the 
electric vector normal to the film was found to be 0*0012, as compared with a 
maximum attainable of 0*0035. 

Observations were also made on film in which this uniplanar orientation had 
been substantially reduced by soaking the film in propyl acetate at 60 0 C for 
30 min., which causes a significant decrease in area and increase in thickness. 
After drying, the difference of refractive index was found to have fallen 0*0004. 
This will be referred to as a fully isotropic film although it is evident that ap¬ 
preciable anisotropy was still present. The normal film will be referred to as 
uniplanar, although a more completely uniplanar film could in theory be obtained. 

Much of the work refers to a film in which a measure of linear orientation 
had been produced by stretching to some 150 % of the original length when 
softened in the ketone ester mixture. The dried stretched film showed the 
second-order yellow* colour between crossed polarizers at the average thickness 
of 0*23 mm. The corresponding difference of refractive index was found to be 
about 0*0038 as compared with a maximum attained in other experiments of 
0*0070. Some observations were also made on the most highly stretched film 
but this is extremely difficult to handle owing to a very ready tendency to crack 
longitudinally. Some observations were also made on less stretched film. 

The small specimens of film to be examined under a microscope were cut 
out as circles by a $-in. leather punch, or as small rectangular strips with a sharp 
knife, and clamped between glass plates by means of small brass screw clamps. 
The assembly was completely immersed in the solvent or swelling liquid in a 
small flat-bottomed glass trough. No disturbing effect of compression was 
noticed as long as an unattacked core of hard material remained in the centre 
of the specimen. As soon as this disappeared, compression effects on the pene¬ 
tration became evident and these will be referred to later. 

The glass trough was placed on the stage of a microscope and observations 
made with a low-power objective and an eyepiece fitted with a graduated scale. 
Magnification of 24 diameters was used. The boundaries were normally readily 
visible without special conditions of illumination. Where they were faint they 
could be brought out more sharply by inclining the mirror so that illumination 
w*as rather one-sided. The position of a boundary was not influenced by the 
conditions of illumination. 

No control of temperature w*as attempted in these preliminary observations 
except that some, where mentioned, were made at elevated temperatures. All 
the film used was in equilibrium with ordinary atmospheric moisture and would 
therefore contain varying amounts of water, about 4 %, It has recently been 
found by Robinson 3 that the removal of this small amount of w*ater has a 
profound effect on the rate of penetration. 


Results and Discussion 

An Irregular Advancing Front. —A remarkable phenomenon noticed only 
in the later stages of this work will, for logical convenience, be mentioned first. 
In Plate t is shown a circular disc of isotropic film, partly penetrated by methyl¬ 
ene chloride. This specimen was placed between parallel polaroids to make 
the inner boundary more distinct wdiile leaving the outermost boundary of the 
swollen gel still visible. The orientation being radial a dark cross appears in 
the birefringent zone and it will be seen that this zone is limited outwardly by a 
rather indefinite middle boundary. All the boundaries are smooth concentric 
circles. They are much smoother than the original circumference of the 
circular punching. 

In Plate 2 is shown the inner boundary only of a similar disc penetrated 
by pyridine. In this case neither outer nor middle boundaries are visible. The 
photograph is taken with unpolanzed light. W 7 ith polarization no significant 
difference w-ould be revealed, the birefringent zone being very shallow’ or non¬ 
existent. The inner boundary is here no longer smooth but very sharply ser¬ 
rated. The serrations are fairly regular and bear no relation to roughness of 

6 See Sisson, article in Chemistry of Cellulose (Interscience Series on High 
Polymers, ed. Ott). 
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the original edge. If methylene chloride is replaced by pyridine after partial 
penetration of a disc by the former, serrations are developed after sufficient 
time in what was before a perfectly smooth inner boundary. 

We consider the behaviour of methylene chloride as normal because it is 
evidently much more simple and is followed, with quantitative variations only, 
by many solvents and swellers. Moreover this behaviour is reproducible and 
little influenced by the conditions of clamping. The serrated front produced 
by pyridine is less exactly reproducible and more dependent on conditions ol 
clamping. 

Other solvents which give a similar picture to pyridine are dioxane and 
ethylene glycol diacetate. No non-solvent sweller -was found which produced 
any serration of the inner boundary. The phenomenon is not apparently 
correlated with speed of penetration. Most of the normal penetrants advance 
more rapidly than the three abnormal ones investigated but some slower pene¬ 
trants are also normal. Ethyl acetate (normal) is slower than pyridine and 
tetrachlorethane, m-cresol and cyclohexanone (all normal) are slower than any 
of the scrrating penetrants. We have at present no explanation to offer of 
this very remarkable phenomenon but other observations noted below throw 
a little further light upon it. 

Anisotropic Normal Penetration, (a )— Theory. —It is to be expected, 
quite generally, that all vector properties of oriented material will show 
anisotropic behaviour. In diffusion, anisotropy may be anticipated from 
two closely related lines of argument. 

There is a possibility of anisotropy of the pure diffusion process itself. 
A11 oriented film can be considered as an assembly of more or less parallel 
molecules each of which may be considered as a chain of rigid segments 
connected by links which have a limited flexibility by distortion of bond 
angles and rotation about single bonds. It is evident that oscillation 
of segments perpendicular to the chains will be of much greater amplitude 
than that parallel to the chains. Diffusion occurs by occasional exchange 
of places between molecules under the influence of thermal agitation. A 
small molecular substance penetrating a macromolecular matrix can be 
considered to diffuse by exchange of places between small molecules and 
segments of macromolecules. Pure diffusion will therefore be expected 
to occur more rapidly perpendicular to the macromolecular direction than 
parallel thereto. As the degree of swelling increases, the possibility of 
exchange in the parallel direction will become greater since more of the 
chains will assume a tortuous configuration. 

We may also seek the explanation of anisotropy of diffusive penetra¬ 
tion, as Mr. Crank has suggested to me, in anisotropy of the swelling 
associated with this penetration. Film, plasticized by swelling and 
then stretched exhibits pronounced toughening as stretching proceeds. 
Initially the stretching process is introducing a slight parallelism of 
previously crumpled and randomly distributed long molecules. As 
stretching progresses, increasing tension is required because there is de¬ 
creasing possibility of extension by rotation of segments about connecting 
links, and stretching must occur mainly by sliding of aligned molecules 
one over another. 

No measurements have been made of the anisotropy of plasticity 
of oriented film but it is evidently very great. It is much greater than is 
apparent in frequently noted 7 tensile strength measurements, because, 
in this case, an unoriented fibre is partly oriented before it is broken, 
and film stretched perpendicular to its orientation is partly re-oriented 
before breaking. The greater strength of well-oriented fibre or film is 
due to its orientation being effected under more favourable conditions 
than is the re-orientalion when tensile strength is measured. 

Since a mass flow (mechanical stretch) is an integral part of the 
process of diffusive penetration, 1 anisotropy of plasticity must be reflected 
in anisotropy of diffusive penetration. It is therefore to be expected 
that penetration will proceed much more easily perpendicular to the 

■ 7 E.g. Mark, article in Chemistry of Cellulose (Interscience Series on High 
Polymers, ed. Ott), p. ion. 
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molecular direction than parallel to it because the necessary swelling 
of the penetrated polymer can occur most easily in this direction. 

Observations 8 on swollen oriented viscose sheet by a similar technique 
to that described have indicated that penetration of dyes from an ex¬ 
ternal aqueous solution proceeded more rapidly parallel than perpendicular 
to the direction of stretch. More recently 9 it has been claimed that dyes 
penetrate oriented cellulose fibres more rapidly radially than longitudin¬ 
ally. It is to be expected that the behaviour of a highly crystalline 
poiymer like cellulose will be more complicated than that of a non-crys¬ 
talline one. 

Measurement of the interdiffusion of similar, or preferably iso¬ 
topic, small molecular substances, present in the same total concentration 
in an oriented non-crystalline polymer, will be necessary to establish 
definitely whether, and in which sense, anisotropy of pure diffusion occurs. 

(b) Observation. —The phenomenon of anisotropic penetration can 
most readily be demonstrated by observations on circular discs cut from 
oriented film. The molecular direction in the disc can readily be found 
by observation between crossed polaroids in series with a piece of the 
original strip where the direction of the molecules is known. 

Many such observations were made and it was quite generally found 
that penetration occurred more rapidly across than along the molecular 
direction. The magnitude of the effect was greater than expected. 
With all normal solvents and swellers penetration appeared to be exclus¬ 
ively lateral, the diameter parallel to the molecular direction being short¬ 
ened only in the later stages of penetration by attack from the flanks. 
This is clearly shown in the penetration by methylene chlor’dc (Plate 3) 
and in that by acetone (Plate 4), which was taken at a later stage. In 
the latter case, the lateral fronts have united to create (by a diffusion pro¬ 
cess !) sharp receding points. In the former case the irregular outline 
of the original cut edge is still just seen between the advancing lateral 
fronts, and the highly swollen isotropic gel is expanding over those un¬ 
attacked edges. 

It will be noticed in these photographs that the middle boundary is 
ill-defined with acetone and absent with methylene chloride in the region 
of most rapid penetration. As we proceed from the narrowing “ equator ” 
towards the unattacked “ poles ” this boundary becomes sharply defined. 
With isotropic film it is also clearly evident. The probable significance 
of this is mentioned below. 

Influence of Degree of Orientation.—Reasonably good straight lines 
were obtained by plotting the half diameters of the unattacked residue 
of the disc at the " equator ” against (time) 4 . Some rates of penetration 
obtained this way, expressed in mm. min.~i are given in Table I. 
Included are also some approximate figures for the penetration rate parallel 
to the molecular direction. 

The presence of plasticizer increases the penetration rate if this can 
also be increased by further orientation. It was of interest to know whether 
also the small amount of residual butyl acetate might have a con¬ 
siderable effect. Accordingly, a specimen of film cast without plasticizer 
and stretched in methyl alcohol was dried to constant weight and then 
allowed to take up propyl acetate vapour. This was preferred to butyl 
acetate as being more mobile within the film. A comparison specimen 
was similarly treated but without stretching. Measurements were made 
of penetration by methylene chloride of small rectangular strips cut out 
at intervals while the propyl acetate was slowly drying out again. The 
results are given in Table II. Refractive index difference was 0-0042. 

It thus appears that, without plasticizer, the penetration even of 
methylene chloride (the most rapid penetrant examined) is accelerated 

8 Boulton, Delph, Fothergill and Morton, J. Text. Inst., 1933, 24, 113. 

• Frey-Wyssling, J. Polymer Set., 1947, 2, 314. 
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by orientation of the film. The magnitude of the effect is worthy of 
comment. The ratio for lightly plasticized film (penetration normal to 
orientation) to unplasticized unstretched film is 24/1. Expressed in 
diffusion coefficient units this ratio would be squared, i.e. nearly 500/1. 

TABLE I 


Refractive Index Difference 
(Measure of Orientation) 

CH a Clj 

(20° C) 

C,H 6 COCH s (30® C) 

Normal j 

Parallel 

Normal 

Parallel 

0 (uniplanar, plasticized) 

O* 

13 

0-035 

0 (uniplanar, deplasticized) 

0* 

II 

0*015 

0*0020 

0*115 

0*02 

0*015 

0005 

0*0032 

0*12 

0*00 

— 

— 

0*0038 

O' T 25 

0*00 

0*03 

0*00 

0*0045 

0*125 

— 

0*075 

— 

0*0070 

013 


0*105 



The results in the last row were obtained with the most highly oriented 
sheet obtained which was stretched in methyl alcohol vapour. They were 
obtained with a rectangular strip. 

It will be seen that no great increase is obtained in the case of methylene 
chloride by stretching the film. The effect is mainly revealed in depressing 
the penetration rate parallel to the molecules. With methyl ethyl ketone on 
the other hand a high degree of orientation is necessary to get maximum 
penetration rate normal to the molecular direction. 

TABLE II 


Wt. % Propyl Acetate 

Penetration Rate into 

Stretched (Normal) 

Unstretched 

O 

00 

r^. 

O 

6 

0*005 

3 

0*104 

0*041 

0 

0*120 

0*078 

12 

0143 

0*126 


The result of attempts at more accurate measurements of the very 
much slower penetration parallel to the macromolecular direction will 
be dealt with in a later section. 

Anistropic Penetration by Abnormal Selvents.—In Plate 5, we have 
a picture of the advancing front when an abnormal solvent, dioxane, 
penetrates a circular disc of oriented film. The teeth are parallel 
to the molecular direction. The quantitative difference between the 
normal and parallel penetration rates is here largely reduced. Not the 
least remarkable result is that dioxane and pyridine, both of which 
penetrate film much more slowly from its faces (i.e. normal to the uni- 
planar orientation) than does methylene chloride, can penetrate oriented 
film parallel to the molecular direction much more rapidly. 

The front which advances normal to the molecular direction reveals 
another abnormality when viewed between crossed polarizers. In all 
normal cases, the birefringence falls very sharply immediately behind 
the inner boundary. Where the unattacked film appears second-order 
yellow, the descending sequence of green, blue and red is telescoped 
into an effectively black line and only a white or pale yellow zone of re¬ 
duced birefringence has appreciable width. With pyridine and dioxane 
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the whole zone of reduced birefringence is very shallow if the specimen is 
very firmly clamped, and, if it is not so firmly clamped, the zone is wider 
but the successive colour bands are then clearly spaced out and persist 
right round the specimen. If the specimen is rotated, light is extinguished 
over the whole field simultaneously. The orientation is thus not changed 
in direction by the swelling process as it is with normal solvents. Examined 
under greater magnification the explanation of both these abnormalities is 
at once seen to be that the early stages of swelling consist of a micro¬ 
scopic fragmentation. Small islands of slightly swollen material are being 
pushed outwards. This is evidently another manifestation of the serration 
phenomenon. 

Variation in the Zone of Reduced Birefringence.—We may here 
interpolate some other observations on variations noticed in the zone 
of reduced birefringence. These refer to what we have called normal 
penetrating substances. Around the more or less elliptical residual 
core of the circular disc, this zone forms two crescent-shaped areas 
appearing only white or pale yellow (in the thickness usually examined, 
about 0*23 mm.). In their narrower parts they are abruptly bounded 
on the outside by the middle refractive index boundary. At their widest, 
corresponding to the most rapid penetration, the outer boundary is very 
diffuse and outside of it there is usually just detectable a small island 
of faint birefringence which examination with a Red I plate shows to be 
of opposite sign. Rotation of the specimen shows that the molecular 
direction in the narrow parts lends towards being parallel to the radius 
of the original specimen. This behaviour is entirely to be expected from 
the observations of Robinson 3 that orientation in the direction of diffusion 
is produced by the associated swelling process. 

Where this swelling occurs perpendicular to the original molecular 
direction, the macromolecules will be separated out without rotation. 
Not until rotational diffusion has produced a more nearly random dis¬ 
tribution can further swelling align the molecules in the new direction, 
but here the dilution and the high rate of relaxation restrict the associ¬ 
ated birefringence to a very low value. Where swelling occurs obliquely 
to the original molecular direction, the molecules will be turned into the 
new direction without prior randomization. Why this should give rise 
to a sharp outer boundary of the birefringent zone will be made clear later. 

The width of the zone of reduced birefringence in relation to the depth 
of penetration is very variable. The less the final equilibrium swelling, 
the broader the zone. A sufficiently poor sweller, e.g. methyl alcohol, 
shows no isotropic region. Where swelling is sufficient to permit relaxa¬ 
tion of orientation and the development of an isotropic zone, we find that, 
in general, the more rapid the penetration, the broader the zone of re¬ 
duced birefringence. 

This is to be expected for the following reason. The rates of penetra¬ 
tion, determined mainly by the diffusion conditions in the very dilute 
solution of penetrating substance in the polymer, are much more affected 
by the volume of the penetrating molecule than any ordinary diffusion 
coefficients in a liquid. This will be evident from a forthcoming paper 
by K. C. Smith. The penetration rates on our scale of measurement of 
acetone and cyclohexanone for example are in the ratio approximately 
18/i (diffusion coefficient ratio will be the square of this). The rates of 
relaxation of macromolecular orientation in the swollen state are more 
nearly dependent only on the viscosity. The diffusion coefficients are 
much less different in the high concentration of penetrating substance 
than in the near-solid polymer the variation of diffusion coefficient is 
therefore greater for slow penetration and the concentration gradient is 
thus steeper near the unchanged solid relative to that in the highly swollen 
region and the zone in which relaxation cannot occur much narrower. 

Consistent with this explanation it was found that the zone of reduced 
birefringence was broadened by raising the temperature. The diffusion 
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in the near-solid polymer is accelerated relatively more than that in the 
highly swollen polymer. 

A swollen oriented polymer can lose its orientation by two distinct 
mechanisms, (i) by rotational diffusion of the macromolecules, which can 
occur without change of shape, or (ii) by elastic recoil in which there is 
a contraction of the whole specimen in the direction of orientation and a 
corresponding expansion in the perpendicular direction. The latter 
process does not usually occur with cellulose acetate when clamped 
between glass plates as in our experiments. The crescents of reduced 
birefringence do not therefore contract along their length. Elastic 
behaviour of normally non-elastic polymers can usually be realized at 
higher temperatures. It was found that, with w-cresol penetrating a 
disc of oriented cellulose acetate at ioo° C, the crescents had retreated 
from the slowly attacked tips of the unchanged core. 

Attempts to Measure the Rate of Penetration Parallel to the 
Molecules.—This measurement is rendered difficult by the fact that 
the specimen, even if cut as a long strip with long faces perpendicular to 
the orientation, is consumed from the ends before appreciable advance 
has been observed from the sides. This difficulty was partly overcome 
by allowing the ends of the strip to project between the glass plates, 
subsequently cutting them off nearly flush with the plates and covering 
them over with fish glue which was allowed to dry before introduction 
into the swelling liquid. After some days, leakage of swollen filaments 
of cellulose acetate occurred through cracks in the protecting layer and 
attack of the whole strip from the ends then commenced. 

Using a specimen not very highly oriented (refractive index difference 
— 0*0036), some measurements were made by this method in methylene 
chloride. The inner boundary appeared quite sharp between crossed 
polarizers where it was marked in this case by an increase of birefringence. 
A very sharp middle boundary was evident both by refractive index 
and by fall of birefringence to zero over a very short range. 

Quite good straight lines were obtained for width against t, not tl. 
The linear rate of advance was 2*7 x io -4 mm. /min. for the inner boundary, 
approximately zero for the outer boundary and 1*0 x io~ 4 mm./min. 
outwards for the middle boundary. The temperature was i6 u C and 
the corresponding rates for penetration perpendicular to orientation are 
0*13 and 0*09 inwards and 0*19 mm. /min.* outwards. Thus in 10 min. 
the advance across the molecular direction would be 1400 times as far 
as along it : in 100 min., 140 times as far. 

There is no doubt that, with more highly oriented film, the rates parallel 
to the molecules are much slower, but no consistent figures were obtained 
owing to the increase of the above-mentioned difficulties and the great 
sensitivity shown to the precision of clamping. 

The Mechanism of Anomalous Diffusion.—This is the first case of 
which the writer is aware in which a departure from Pick’s law in its 
most general form is found in a two-component system. Not only is D 
not constant but the failure of Boltzmann’s equation makes it evident 
that D is no longer a single-valued function of C. D depends not only on 
C but also on the history of the particular diffusion process. 

We have seen that the diffusion coefficient depends on molecular 
orientation and also that the swelling consequent on diffusive penetration 
modifies molecular orientation. Were there no relaxation of orientation 
by rotational diffusion of macromolecules at sufficiently high concentra¬ 
tion of penetrating substance, then the orientation, for a given initial 
state of orientation and given degree of swelling in a given direction, 
would be fixed. The direction and extent of orientation would be uniquely 
determined by the initial state, the angle of penetration and the con¬ 
centration of penetrating substance. All the factors controlling the 
diffusion coefficient would therefore be fixed for the particular system, 
at any one value of C, and D would therefore, for this system, be a unique 



G. S. HARTLEY 829 

function of C. The basic condition for the Fick-Boltzmann law would 
therefore apply. 

In general, however, the degree of orientation will be subject to decay 
by rotational diffusion of the micromolecules. Therefore in any element 
having concentration C at time t from the commencement of penetration, 
the degree of orientation will have fallen below that expected in the 
absence of rotational diffusion by an amount depending not only on C 
but on t also. The basic condition for validity of the Fick-Boltzmann 
law will now no longer obtain. The orientation will in general have a 
greater component in the direction of diffusion, at any one value of C, 
the earlier in the experiment this concentration is attained. Since this 
component has a retarding effect on diffusion, the rate of penetration will 
tend to be less rapid in the early stages of penetration than would be 
expected from observations at later stages. In the extreme limit, 
rotational diffusion may become the rate-determining process, and, being 
independent of dC/dv, this will tend to make drdt constant. Penetration 
distance miy therefore be expected to commence proportionally to t, 
tending towards proportionality to tt as penetration proceeds. 

Penetration Obliquely to the Molecular Direction.—Several measure¬ 
ments were made on strips cut at various angles to the molecular 
direction. The results are somewhat confusing and m >re work would 
be necessary to clear up this subject. 

At angular deviation from.the normal (fastest direction) less than 30°, 
the behaviour is not distinguishable from normal penetration with 
methylene chloride, acetone or methyl alcohol. With methyl ethyl 
ketone, penetration appears to follow the Fick-Boltzmann law at 30°, 
but the rate on the t\ scale is about f of that at o° (normal to molecules). 
This is the value which would be expected if the rate is a simple elliptical 
function of the angle 9 from the fastest direction, i.e. 

Rate -- (fastest rate) cos 2 9 { (slowest rate) sin 2 9 

and if the slowest rate is effectively zero. 

At angles above 45°, penetration becomes different qualitatively in 
that the outer as well as inner boundary of the zone of modified bi¬ 
refringence becomes sharp. A rigidly clamped spec.men then behaves 
as shown in Plate 3. The contraction of the unchanged central portion 
shows abnormal behaviour in that dxfdth increases for a short period 
before becoming constant at a value not much less than for normal pene¬ 
tration. The behaviour of the middle boundary is observed to Ik? more 
markedly anomalous in the same sense. Anomalous expansion of the 
outermost boundary was not directly observed but extrapolation shows 
that a correspond ng anomaly must exist. The behaviour of the other 
boundar.es after the inner ones have met is due to the pressure of the 
clamping plates being applied to the swollen polymer after the hard core 
has disappeared. The isotropic gel is squeezed outwards and the swelling 
pressure of the anisotropic gel presumably reached, so that this can 
swell no further. 

Rotation of the stage shows that the direction of orientation is changed 
in the m ddle zone, lying more nearly parallel to the direction of penetra¬ 
tion and almost exactly parallel at its outer boundary. Since the effect 
of swinging the molecules into the direction of penetration will be to 
decrease the diffusion coefficient, we conclude that this effect must locally 
outweigh the opposed effect of dilution. The transient decrease of dif¬ 
fusion coefficient will cause a local increase of concentration gradient 
and it is this inflection in the concentration-distance curve which is 
visible as refractive index disturbance. This phenomenon of a middle 
refractive index line has been observed also in the penetration of un¬ 
stretched uniplanar and isotropic film where it presumably has a similar 
explanation. 



830 SWELLING OF HIGH POLYMERS 

It is surprising, in view of the great difference in speed of attack 
parallel and perpendicular to the direction of orientation, that the rate 
of penetration does not fall off more rapidly with increasing deviation 
from the perpendicular direction. Except for the results with methyl 
ethyl ketone, one would be tempted to conclude that it is only the part 
of the diffusion process which deviates from the Fick-Boltzmann law 
which is anisotropic. Owing to its tendency to exaggerate itself by 
bringing molecules not at first parallel to the penetration direction into 



Fic,. i.—Cellulose acetate. Refractive index difference 0*0038 penetrated by 
methylene chloride at 43° to direction of orientation at it/5 0 C. 

this direction, the greatly retarded anomalous diffusion might become 
either dominant or negligible in effect. There is evidently a tendency 
towards this state of affairs, but it is not complete. 

One might expect therefore that a simpler variation with direction of 
penetration would obtain, and non-Fickian diffusion disappear, if a very 
poor sweller were examined in which no diffusive relaxation of orientation 
occurred. No such relaxation can be observed with methyl alcohol. 
Although this substance penetrates very slowly parallel to the molecules, 
penetration at 30° to the normal is as fast as that in the normal direction 
itself. It is possible, however, that the very small molecules of this sub- 
stance diffuse isotropically as soon as the macromolecular structure has 
been opened up by a relatively small concentration. 

Another possible explanation of deviation from a simple elliptical 
Velocity distribution is indicated by the remarkable behaviour of tetra- 
chlorethane. In Plate 6 is shown the form of the unattacked core in an 
initially circular disc about half penetrated by tetrachlorethane. It will 
be seen that there are now obtuse angles where we should expect the 
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greatest rate of penetration. This must be due to the rate of penetration 
being more rapid in a direction making a small angle with the perpendicular 
to the orientation direction than in the perpendicular direction itself. 

Tetrachlorethane is the only solvent studied in which these obtuse 
angles are unequivocally evident, but examination of Plate 4 (acetone) 
shows similar behaviour in less marked degree. Confirmation of the 
suggested explanation was found in the behaviour of a thin rectangular 
strip cut with its long side perpendicular to the molecular direction. 
Only the short fronts advanced. As is usual, the advance was at first 
more rapid near the corners, but, instead of remaining rounded, each 
front developed as two straight fronts at a small angle. At each end, 
one of these advanced more rapidly than the other, which was gradually 
eliminated. Thereafter, penetration proceeded by advance of a straight 
sloping front from either end. The asymmetry (but not the obliquity 
itself) was probably due to slight irregularity of the clamping pressure. 
In no other solvent was it possible to create the oblique advance by 
deliberate maladjustment of the clamping screws. 

Reconsidering our proposed mechanism for anisotropy of pure dif¬ 
fusion, it is probable that, although exchange of position between macro- 
molecular segments and small molecules will be at least probable in the 
direction of the macromolecular axis, it may not necessarily be true that 
exchange is most probably in the perpendicular direction. This may be 
modified by the geometrical disposition of the links whose rotation permits 
movement of the segments, and by the relative disposition of the segments 
of neighbouring chains. 

The Behaviour of Fully Isotropic Film,—A few observations were 
made on film in which the uniplanar orientation had been reduced by 
treatment in hot propyl acetate. These indicated a much slower rate of 
penetration than in deplasticized uniplanar film. 

Penetration normal to the surface of film suspended freely in solvent 
was also very much slower in the fully isotropic film. This is entirely 
consistent with the observations previously discussed, since in uniplanar 
film we have the molecules more or less perpendicular to the direction of 
penetration. That retardation also occurs in the plane of the film suggests 
that a different mechanism is also coming into play. It seems probable 
that freedom of movement of macromolecular segments will be reduced 
in all directions by the greater entanglement of chains in the fully iso¬ 
tropic state. 

This property of isotropic film provides a simple demonstration of 
the importance of orientation effects in diffusion which makes it not sur¬ 
prising that the literature of permeability rates contains so many wide 
discrepancies. A specimen of commercial film is simultaneously made 
nearly isotropic and the plasticizer removed by soaking in propyl acetate 
at 6o° for 30 min. It is soaked in cold methyl alcohol for 1 hr. to remove 
propyl acetate more quickly than by evaporation and dried in air for 1 hr. 
and in an oven at ioo° C for 12 hr. It is then divided into strips and 
two of these are held in boiling methyl alcohol until soft. One is removed 
without stretching and dried as before. The other is quickly removed, 
stretched as far as possible immediately, and then dried. 

The contrast between these specimens, identical in treatment except 
that one was stretched in the swollen state, is very marked. The stretched 
specimen is irretrievably softened and largely dissolved by immersion 
in acetone for less than 5 min. The unstretched specimen can be re¬ 
covered almost intact after immersion for 1 hr. or more. 

The Generality of the Phenomena Discussed.—So far in this series we 
have been concerned entirely with cellulose acetate. Some qualitative 
observations were made on some other transparent non-crystalline 
polymer films to confirm that the behaviour is by no means unique. 

A specimen of unoriented polyvinyl alcohol film was examined with 
water as the penetrating substance. A sharp inner boundary was evident 
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with an anisotropic band outside it in which the orientation was radial. 
This had a rather indefinite outer boundary. A specimen of the film was 
then warmed and stretched. A disc cut out from this was found to be 
penetrated rapidly perpendicularly to the direction of stretch and hardly 
at all attacked parallel to this direction. The crescents of reduced double 
refraction were now sharply bounded on the outside towards the tips. 
The picture was very similar to the corresponding one for cellulose acetate 
and methylene chloride. A specimen of cresol-soluble Nylon film showed 
very similar behaviour in this solvent at ioo° C. 

A specimen of polymethyl methacrylate sheet, cast in the laboratory, 
could not be obtained in an optically anisotropic 9tate by stretching. 
Correspondingly, no birefringence was induced by diffusive penetration. 
The inner boundary, both with benzene and acetone, was sharply defined 
but inegular in outline. 

The author's best thanks are due to several colleagues with whom this 
work has been fruitfully discussed, in particular Mr. J. Crank, Dr. C. 
Robinson, Dr. G. S. Park and Mr. K. C. Smith, also Mr. J. W. G. 
McLaughlan for technical assistance and Mr. J. Goodwin for preparation 
of the photographs. 
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PART X.—THE BENDING OF DOUBLE BONDS, WITH 
PARTICULAR REFERENCE TO ETHYLENE AND 
FORMALDEHYDE 

By J. W. Linnett, D. F. Heath and P. J. Wheatley 
Received 25th February, 1949 

We have applied the Orbital Valency Force Field (O.V.F.F.) to the formal¬ 
dehyde and ethylene molecules, and their deuterium analogues, assuming that 
there is van der Waals’ repulsion of the type V = a/R 12 between the non-bonded 
hydrogen and oxygen and non-bonded hydrogen and carbon atoms respectively. 
Six constants are required for formaldehyde, and the vibration frequencies 
are predicted with an average error of 0-7 % if the HOI angle is taken as 120'-’. 
If the HCH angle is assumed to be less than 120° the accuracy is rather less. 
Ethylene requires nine constants, and the frequencies are predicted with an 
average error of 0-75 %. The most interesting feature of the results is that the 
O.V.F.F. used divided the bending of the double bond into two parts, one allow¬ 
ing for the bending of the a-bond, and one for the bending of the ?r-bond. The 
constants associated with the bending of the a-bond arc positive, and, although 
the constant associated with the twisting of the 7 r-bond in ethylene is positive, 
the other constants associated with different distortions of the 7 r-bond are 
negative. From these results it is concluded that distortion of the a-bond 
increases the potential energy of the molecules, that twisting of the tr-bond 
increases the potential energy, but that, during other types of out-of-plane 
distortion, an increase in overlap of the rr orbitals tends to lessen the increase 
of potential energy. 


It has been pointed out previously that the bending constants of angles 
* formed between a triple bond and a single bond are surprisingly small. 1 

1 Linnett, Quart. Rev., 1947, I, 73. 
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The following Simple Valency Field Force (S.V.F.F.) bending constants 
illustrate this : 

/ H 

C—C/ bending constant, o-66 X io~ 11 erg/radian 2 ; 

/H 

C=C/ bending constant, o-6o x io -11 erg/radian 2 ; 

CeihC—H bending constant, 0 24 x io~ u erg /radian 2 . 

In this series the second constant is for in-plane distortion and during 
such bending the C”C 77-bond, formed by the overlap of the two carbon 
2 pTr orbitals, is presumably unaffected to a major extent. In the bending 
of the C^:C — H angle, however, at least one of the 77-bonds is likely to 
be distorted to a major extent. This suggests that the explanation of 
the low bending constant for the GhhC— li angle lies in the fact that 
bending occurs relatively easily when n orbitals are distorted. 

There are two further points which tend to confirm the suggestion 
that when the n orbitals are distorted the bending constants are smaller. 
The first of these is that the smaller in-plane bending vibration frequency 
of foimaldehyde (1280 cm." 1 ) is bigger than the out-of-plane bending 
vibration frequency (1167 cm. -1 ). Only in the out-of-plane vibration 
is there a major distortion of the tr-orbitals. Similarly, in ethylene the 
two C—C—H in-plane bending vibration frequencies (1050 and 995 cm. -1 ) 
are bigger than the two C=^C—H out-of-plane bending vibration fre¬ 
quencies (949 and 943 cm.- 1 ). An examination of the treatment of 
Kilpatrick and Pitzer 3 shows that the in-plane constant is, as expected, 
greater than the out-of-plane constant. 

The purpose of the present paper is to examine the application of 
the Orbital Valency Field Force (O.V.F.F.) 3 to formaldehyde and ethylene 
with the object of investigating in a little more detail the bending of 
bonds in which -n orbitals are involved. Wc shall first consider the 
molecules li 2 CO and l) 2 CO and then C 2 H 4 and C 2 1 > 4 . 

Formaldehyde. —The application of the O.V.F.F. to H g CO and 
D 2 C() requires the consideration of four types of forces, if it is assumed 
that, to a first approximation, a distinction can still be drawn between 
o and tt molecular orbitals even when the molecule undergoes a small 
out-of-plane deformation : (a) bond stretching forces, (b) o-bond bending 
forces, (r) 77-bond bending forces, and ( d ) van der Waals’ type forces be¬ 
tween non-bonded atoms. 

(a) We shall suppose that the variation of potential energy with bond 
length is given by 

V a — J/qAr“ 4- B'Ar Xt . . . (1) 

where measures the change of the length of the bond from the equili¬ 
brium value. The second term in (1) arises because repulsion between 
the non-bonded atoms displaces the C—H bond length from its true 
equilibrium value. The first term in (1) is the usual valency force field 
term, k x being the force constant of the bond. 

(b) The treatment of a-bond bending is the same as that described in 
Part III of this series. It is based on the assumption that directed 
bonds are formed by directed atomic orbitals, and that the potential 
energy is a minimum when the orbitals of the two atoms forming the 
bond overlap to the maximum possible extent. There are two O.V.F.F. 
a-bond bending constants, k H for the C — H bond, and k a for the a member 
of the C— O bond. The variation of potential energy with bending is 
then given by 

V b - i£k n Ap* + ** a A 0 » + • • • (*) 

where Aj8 and A0 aie the angles between the directions of maximum 
overlap in the equilibrium position and the corresponding directions in 
the distorted molecule. B" corresponds to B' in eqn. (1). 

2 Kilpatrick and Pitzer, J . Res. Nat. Bur. Stand., 1947, 38, 191. 

3 Heath and Linnett, Trans. Faraday Soc., 1948, 44, 873. 
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(c) The w-bond in formaldehyde is that formed by the “ sideways ” 
overlap of the carbon 2pn orbital and the oxygen 2pn orbital. It will 
be treated in a manner analogous to that used for the <r-bond. Suppose 
that, during a vibration, the carbon atom orbitals are directed to such a 
position that the carbon zp* orbital makes an angle A^ with a direction 
perpendicular to the line joining the carbon and oxygen atoms. Then 
the change of potential energy with distortion is given by 

Vc = ik„Ad> 2 .(3) 

The diagram in Fig. i which has been drawn to illustrate the similar 
case for ethylene may help the reader to appreciate this term. However, 
the case of formaldehyde is somewhat different from ethylene since, with 
formaldehyde, the oxygen 2pn orbitals are free to orientate themselves 
so as to give the best possible overlap with the 2pn orbitals of the carbon 
atom, whereas with ethylene there are the other two bonds to the hydrogen 
atoms to be considered. 

(d) In previous papers we have shown that forces between non-bonded 
atoms in molecules such as BF S , CC 1 4 and SF e must be taken into account 
when considering molecular distortions. 4 In formaldehyde one might 
expect that the crowding together of the non-bonded atoms would not 
be important since the hydrogen atom is so small. Linnett and Wheatley 4 
have found it possible to treat CH 4 assuming the H *H repulsion to 
be negligible. Therefore in the present paper we have also assumed the 
H- H repulsion to be negligible, although we would like to say that 
we feel that the assumption may perhaps be less justifiable than many 
people have assumed in the past. The case of the H —O repulsion is 
different. Thompson and Linnett 6 have found that, to account for the 
vibration frequencies of formaldehyde using the S.V.F.F., it is necessary 
to include a cross-term between the C =0 bond and the HCO angle, 
the sign of which indicates that the HCO angle tends to increase as the 
C =:0 bond length decreases. Such an effect would be expected if there 
were a considerable repulsion between the hydrogen and oxygen atoms. 
We have therefore included a term to take account of this repulsion. 
The change of potential energy due to repulsion, for each H-O pair, 
is given by 

V d — A . A/? 2 -f B . AR . . . . (4) 

as in Part IV. 7 AR is the change in the H O distance from the value 
it has in the equilibrium configuration. For the same reasons as in 
Part IV we suppose that V — a/R li , so that — B/R ~ 2^/13. Thus 
only one constant A is used to allow for the repulsion. 

In the present treatment of formaldehyde we have assumed that 
there is no change in hybridization of the bond-forming orbitals of the 
carbon atom on distortion. It is assumed that the hybridization of the 
three sp 2 a orbitals remain constant and that the zptr orbital remains 
pure 2pn throughout and always perpendicular to the plane of the three 
a orbitals. This is possibly an undue simplification of the problem but, 
at present, there are insufficient data available to enable us to allow 
for changes in hybridization. We do not believe that the omission of 
the possibility of orbital-following by change of hybridization will obscure 
the main features of this problem. 

There are six adjustable constants in our treatment: 

k lf the stretching force constant of the C—H bond, 
k 2 , the stretching force constant of the C=G bond, 

A , allowing for H - O repulsion, 
k K , the C—H bond O.V.F.F. bending constant, 
k a , the a C =0 bond O.V.F.F. bending constant, 
and k n , the n C =0 bond O.V.F.F. bending constant. 

4 Heath and Linnett, Trans. Faraday Soc., 1948, 44, 561, 873. 

5 Linnett and Wheatley, ibid., 1949, 45, 39. 

• Thompson and Linnett, J. Chem. Soc., 1937, x 3 ^ 4 - 

7 Heath and Linnett, Trans. Faraday Soc., 1948, 44, 878. 



Fig. i(6). 

. i.—Two out-of-plane distortions of ethylene, showing the change 
overlap in the a- and 7 r-bonds. 

(a) Symmetry class B ig . The constants associated with this bending of 

the double bond are k° a and k%. 

(b) Symmetry class B 1M . The constants associated with this bending 

of the double bond are k u a and k 
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The first five constants appear in the expressions for the planar 
vibration frequencies, but k„ does not appear since the axis of the carbon 
2 prr orbital must remain parallel to the axis of the oxygen 2 pir orbital 
and perpendicular to the line joining the carbon and oxygen atoms during 
all the planar vibrations. In the expression for the non-planar bending 
vibration frequency the last four constants appear. The algebraic ex¬ 
pressions for the vibration frequencies in terms of the force constants, 
masses and geometric configuration of the molecule are given in Appendix I. 
In these expressions, the constant B (see formula (4)) is included though, 
in fact, we have always made — B jR equal to 2 /i3 of A .. It will be noticed 
that the B' type constants for the C—H and 0=0 bonds (see formula (1)) 
do not appear in the formulae in the Appendix. They are absent because 
they are related to the constant B , and hence to A, by the requirement 
that, in the equilibrium configuration, the potential energy is a minimum. 
Or, alternatively, they disappear because the force of attraction between 
the bonded atoms must exactly balance the force of repulsion between 
the non-bonded atoms in the equilibrium configuration. 

In making our calculations it is necessary to know the shape of the 
molecule. The two moments of inertia of H 2 CO, I k = 21*65 x io~ 40 
and f B = 2*9768 X io~ 40 c.g.s. units, 8 are inadequate to enable an un¬ 
equivocal calculation of the C—H and 0=0 bond lengths and of the 
HCH angle to be made. We have made our calculations, therefore, 
for three values of the latter : 

A 

(A) HCH ~ 120 0 , giving r CH = 1*0889 and *co = 1*2162 x 10 8 cm., 

(B) HCH — 115 0 , giving r CH = i*ii8i and r co = 1*2027 x io~ 8 cm., 

(C) HCH — iio' J , giving r CH — 1*1511 and r co = 1*1874 X 10 8 cm. 

Molecular orbital theory might lead us to expect a value close to 120°, 

but this leads to a value of r CH smaller than anticipated when it is con¬ 
sidered that the C—H bond in H 2 CO has an abnormally low force con¬ 
stant. If the HCH angle is less than 120°, the value deduced for r n , 
is more reasonable. We believe, therefore, that the true shape must 
be within the range of shapes covered by (A), (B) and (C). For the 
atomic weights we used w„ — 1*00813, m v ~ 2*01473, tn u 12*00 and 
iji c — 16*00. We took 4 tPl 2 /JV to be 5*890343 x io~ 2 . The frequencies 
used were taken from Herzberg.® 

The results of our calculations are shown in Table 1 , where the cal¬ 
culated frequencies are compared with those observed. The values of 
the force constants used are also given in the Table. It will be seen that 
the force field reproduces the values of the observed frequencies well. 

A 

The error increases somewhat on passing from HCH — 120° to smaller 
angles. For set (A) the twelve frequencies are calculated with an average 
error of 0*7 %. The maximum error is 2*9 % but that occurs for the 
planar antisymmetric bending vibration frequency of l) 2 CO, the exact 
value of which is uncertain. For all other vibrations the agreement is 

A 

within 2 %. For HCH =115° the average error has increased to 0*9 % 

and the maximum errors have also increased somewhat. For HCH — no° 
the average error is i*o % and the maximum errors still greater. 

The most interesting feature of the results is that k n is negative 
(— o*88 — io~ u erg/radian 2 ), indicating that there is an increase in the 
strength of the 7t-bond when it is distorted. We shall return to discuss 
this when we have considered ethylene. 

Ethylene.—With the same assumptions as above the application of 
the O.V.F.F. to ethylene requires (a) two bond stretching constants, 
(6) one C—C or-bond bending constant, and two C=C a-bond bending 

8 Dieke and Kistiakowsky, Physic . Rev., 1934, 45» 4- 

8 Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (van 
Nostrand), p. 300. 
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TABLE I 




HCH - 120 0 

HCH = 115 0 

HCH - iio° 


Obs. 

cm.- 1 

Calc. 

cm.~ l 

% Error 

C ale. 
cm.- 1 

% Error 

Calc. 

cm.- 1 

% Error 

H a CO 

27S0 

1744 

1503 

2822 

1748 

1512 

+ 1*51 
+ 023 
-f o*6o 

2*35 

1748 

1513 

4 - 1*98 

4- 023 

4- 0 67 

2843 

1754 

+ 2-27 

4- 0-57 

4- 073 

2874 

1280 

2882 

1280 

4- 0-28 

2882 

1280 

+ 0-28 

2876 

1280 

+ 0*07 

1167 

1167 

— 

1167 

— 

1167 




Average 0-44 

o -53 

o*6i 

D*CO 

2056 

1700 

1106 

2062 

1699 

1100 

4~ 0 29 
- o*o6 
~ , o -54 

2078 

1696 
1100 

-f 1-07 

— 0-24 

- 0*54 

2093 

1696 

1099 

4* 1 *8o 

— 0-24 

— 0-63 

2I(>0 

990 

2127 

1019 

- i- 5 i 

4 - 2-93 

2116 

1030 

— 2-04 

+ 4-04 

2113 

*<>34 

— 2-18 

4 - 4'44 

938 

932 

— 0*65 

938 

: 

944 

4- 0-64 


Average 100 

*• 3 * 

1 65 


*1 

37135 

37043 

3-6799 

k. 

10-9783 

10-9585 

11*0348 

k H 

1*2190 

1-3335 

i' 454 o 

K 

1*2644 

1-3740 

1-4751 

A* 

-0-8793 

-0*9038 

— 0*9104 


Repulsion Constant A ~ 0 55 x 10 6 dyne/cin. 


The units of the stretching constants (A t and A 2 ) are x 10* dynes/cm. and of 
the bending constants (A H , k a and k„) are x io -11 erg/radian*. 

constants, (c) three C—C w-bond bending constants and (d) one constant, 
allowing for H C repulsion (cf. formaldehyde). There are 22 observed 
frequencies of C 2 H 4 and C 8 D 4 to be accounted for by these nine constants. 
Fig. 1, which shows the distorted orbitals, illustrates why there are two 
C=C <7-bond bending constants. One applies to the bending vibrations 
which are symmetrical to the centre of symmetry when the two carbon 
2 pa orbitals rotate in the same sense (Fig. i(a) ; vibration of symmetry 
Bio)- 1 * This constant will be designated k 0 . The other k* applies to the 
bending vibrations which are antisymmetrical to the centre of symmetry 
when the two carbon 2 pa orbitals rotate in opposite senses (Fig. 1(6) ; 
vibration of symmetry B lu ). Of the three C”C ar-bond bending con¬ 
stants, one is involved in the twisting frequency k l n and has been 
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considered by Penney, 10 by Mulliken and Roothan 11 and by Parr and 
Crawford. 12 The other two C=C w-bond bending constants correspond 
to the tAvo different C=C a-bond bending constants and k%). The 
difference between them is similar to the difference between the two 
cr-bond constants and is illustrated in Fig. 1. The variation in potential 
energy is expressed in terms of the constants and distortions as for H t CO, 
and it is likewise assumed that there is no change of hybridization during 

TABLE II 



c*h 4 

C*D 4 

Symmetry Class 

Obs. cm .- 1 

Calc, cm .- 1 

% Error 

Obs. cm .- 1 

Calc, cm .** 1 

% Error 

A, 

3019 

1623 

1342 

3012 

1604 

1327 

— 0*23 
~ i*i7 

- i i3 

2251 

1515 

981 

2199 

1514 

964 

— 231 

— 0*07 
1*73 

A y 

825 

825 

— 

— 

584 

— 

*1. 

3075 

1050 

3 IX 3 

1070 

4- 1*24 

4- 190 

2304 

883 

2314 

871 

+ 0-43 
- 1-36 


949 

95i 

4- 0-21 

720 

719 

— 0*14 

■®2 0 

943 

946 

4- 0'32 

780 

77* 

— 0*26 


3io6 

995 

3L34 

995 

+ oyo 

2345 

716-727 

2333 

716 

- 0*51 

-^ 3 u 

2990 

M45 

3039 

M<>5 

4- i* 64 

4- 1-3» 

2200 

IO78 

2205 

io8o 

4- 0 23 

4- 0'I9 

Average 0*84 

Average o*66 


Stretchi 

X IO 4 

ng Constants 
dynes/cm. 

Bending Constants 
x io - 11 ergs/radian* 



Ah 

1-089I 



K 

o*6oi6 


4-834 

k u 

I *357 I 


7*16 

K 

- 10355 



A* 

— 0*4188 



AA 

1 *2108 


Repulsion Constant A = 0*275 X io 6 dynes/cm. 


the vibrations. The resulting algebraic expressions for the vibration 
frequencies in terms of the force constants, masses and shape of the 
molecule are given in Appendix II. 

10 Penney, Proc. Roy. Soc. A, 1934, I 44 > 166. 

11 Mulliken and Roothan, Chem. Rev., 1947/41, 219. 

12 Parr and Crawford, J. Chem. Physics , 1948, 16, 526. 
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In making the calculations the shape of the molecules have been 
taken to be 

As 

r CH = 1*071 and r co = 1-353 x io~* cm., and HCH = 120°. 

A 

Gallaway and Barker l * actually give HCH — 119 0 55', but the difference 
of this from 120° would not be significant in our calculations. The 
frequencies used were taken from Herzberg 14 and, while this may not be 
the finally accepted assignment, it seems to be the best available at the 
moment. 

The results are shown in Table II where the calculated and observed 
frequencies are compared. It will be seen that the agreement is good, 
the average error being 0-75 %. For only one frequency is the error 
greater than 2 %. 

The main results are : 

(1) k% and kft are both negative, like k„ for formaldehyde, k £ is 
about twice as big as k 9 n , 

(2) k* n has the value 1-2108 x io -11 erg/radian*. 

(3) k H for the bending of the C—H bond is 1-0891 x io~ n erg/radian*, 
whereas k a for the C—H bond in formaldehyde is bigger. 

(4) k“ is about twice as big as k° a . 

(5) A has the value 0-275 x io‘ dynes/cm., which is only half the value 
in formaldehyde. , 

(6) k x is 4-834 x io 5 dynes/cm. which is greater than k x in formaldehyde. 

Discussion 

The most interesting results of these calculations is that the O.V.F.F. 
leads to the conclusion that k x of formaldehyde and k" and k 9 n of ethylene 
are negative. The qualitative observations made in the introduction 
are reflected in this result. Let us consider k “ first (see Fig. 1 (b)). We 
can see that, if this distortion were continued to the extent of rotating 
each 2p-rr orbital through a right-angle, a C=C c-bonding orbital would 
result. This C=C a-bond would be stronger than the C=C w-bond. 
Hence we might expect that the change of overlap shown in Fig. i(b) 
would lead to a decrease of energy and hence that would be negative. 
This simple picture, therefore, gives a sign to k x which is quite under¬ 
standable. A similar argument cannot be used for k 9 . Rotation of the 
2 pn orbitals gives no change in overlap at first. It should not be concluded 
from this result that the sign of k 9 n is wrong, but rather that simple pictures 
do not necessarily give an accurate forecast of the precise electron dis¬ 
tribution. 15 Preliminary wave-mechanical calculations have tended to 
confirm the conclusions reached here regarding the signs of both k* and 
k 9 . Furthermore it is important that the negative value of k n for formal¬ 
dehyde confirms the results obtained for ethylene, the value being of the 
same order as those of and h 9 n in ethylene. 

The value of 1-21 x io“ n erg/radian* obtained here for k* x may be 
compared with the values obtained by Parr and Crawford 18 for this 
twisting constant. Their treatment assumes that, when the ethylene 
molecule twists, all the distortion occurs in the 7r-bond of the C=C bond, 
i.e. that k B is infinite. We have presumed in this paper that the distor¬ 
tion is divided between a distortion of the C=C 7r-bond orbitals and a 
distortion of the four C—H bond orbitals. Since Parr and Crawford 
give only values of the frequency, we have deduced the values of k x from 
their figures, from the formula in Appendix II, assuming that k R is 
infinity. These values of k*„ are given in Table III. Parr and Crawford 
state that Z, the screening constant, is probably slightly larger than 3*18. 

18 Gallaway and Barker, ibid., 1942, 10, 88. 

14 Ref. •, p. 326 ; and footnote 173, on p. 327. 

15 cf. Walsh, J. Chem. Soc. t 1948, 404. 
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It will be seen that the function tft N (Heitler-London-Slater-Pauling 
(H.L.S.P.) function with added ionic terms) gives a value for k* n of about 
i x io~ 1A erg/radian 2 . (molecular-orbital function) gives about 
i£ x io~ 11 and the simple H.L.S.P. treatment gives about J x io~ 11 . 
The agreement of the values obtained using \j> N and 0 X with our deduced 
value of k l n is very good indeed and much better than might have been 
expected. The value obtained using the H.L.S.P. approximation is 
rather smaller. However, the most important feature is that the order 
of magnitude of the observed constant is the same as that expected from 
wave-mechanical calculations. 


TABLE III 



z 

v cm . -1 

k n x io-» l 
erg/radian* 

K 

2*35 

3-18 

3‘27 

3*91 

II40 

995 

960 

715 

1*315 

1-002 

0-932 

0-517 


2*35 

1180 

1-409 


308 

1140 

1*315 

V'l 

3-27 

1120 

1-269 


3*91 

1020 

1*053 


1-96 

738 

0*551 


2-35 

742 

o *557 

H.L.S.P. 

2-74 

698 

o *493 


3*13 

587 

o *349 


3 ' 9 i 

374 

0142 


Mulliken and Roothan 11 have made a semi-empirical wave-mechanical 
computation of the twisting frequency of ethylene. They have considered 
both the possibility that during twisting the distortion affects only the 
C=^C 7r-bond and also the possibility that the C=^C and C—H bond 
orbitals are simultaneously distorted. They considered various relative 
resistances to distortion of the C—C and C —H bonds. The values they 
obtain for the frequencies are in encouraging agreement with the observed 
value. It is of considerable interest that, if they allow no distortion 
of the C —H bonds (their case (a)), the value they obtain for the frequency 
is rather too high, indicating that it is correct to suppose, as we have 
done, that the distortion during twisting is divided between the C —H 
and C=C bond orbitals. 

The third result is that the bending constant k H for the C —H bond 
in ethylene is 1-0891 x io“ n erg/radian 2 . This compares with 1-2 to 
i ‘45 x io~ n in formaldehyde. In formaldehyde the C —H bending con¬ 
stant is bigger. This may, in some way, be due to a drift of electrons 
towards the oxygen atom and away from the C —H links, although we 
might have expected this known drift to reduce the C —H bending 
constant. However, we are still rather ignorant regarding bending 
constants and perhaps our preconceived ideas are unreliable. Never¬ 
theless, the main result is interesting : the C —H bending constant is 
of the same ordei of magnitude. 

The fourth result is that k* = 1*357 X i°~ n and k° a = 0-602 X io" 11 
erg/radian 2 . These values are of the same order of magnitude as the 
bending constants of the C—H bond and therefore of reasonable size. 
However, we would certainly have expected that k g a would have been 
greater than k u a from Fig. 1 which indicates that the overlap decreases 
more during the distortion related to k g a than during that related to k*. 
Four possible explanations of this apparent anomaly are that 
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(i) the frequencies are wrongly assigned, 

(ii) in this case also, a simple picture is misleading, 

(iii) the simple O.V.F.F., used in this paper, is at fault, 

(iv) the assumption that no change in orbital hybridization occurs is 
incorrect. 

We do not believe that the third possibility is very likely, nor have 
we any definite evidence that the frequencies are incorrectly assigned. 
The second explanation could readily be tested by a detailed wave-mechan¬ 
ical study. We have already commented on the fourth possibility. 

The fifth result indicates that there is an appreciable repulsion between 
the non-bonded carbon and hydrogen atoms in ethylene, and between 
the oxygen and hydrogen atoms in formaldehyde. For ethylene 
J d*K/dy* — 0-275 X io 5 dynes/cm. and for formaldehyde 0*55 X io 5 
dynes /cm. We would expect the repulsion to be bigger in formaldehyde 
than in ethylene for two reasons. In the first place the H O distance 
is less than the H * C distance ; and secondly, the drift of electrons 
to the oxygen atom means that this atom must have a larger electron 
cloud than if the atom carried a smaller negative charge. The charge on 
the carbon atom in ethylene must be small. Thus the two values of A 
are reasonable in relation to one another. As regards the absolute 
magnitude of A for ethylene, it is likely that it will be close to the geo¬ 
metric mean of the values of $ d *V/dr % for He - He repulsion and Ne - Ne 
repulsion. We have calculated these repulsions from the figures of 
Buckingham 11 using only the a/R l * repulsion part since the attraction 
part is small at the distance with which we are concerned, 2-1 A. At 
this distance, the geometric mean of the two values for £ d 2 V/dr 2 for 
lie - He and Ne - Ne repulsion is 0 26 x io 5 dynes /cm. We have made 
these calculations for ethylene because the linkages are only slightly polar 
in this molecule. We conclude finally therefore that the two values of A 
which it was found necessary to assume in these calculations are wholly 
reasonable in the light of other evidence regarding van der Waals' repulsion. 

The sixth result shows that the stretching constant k l of the C—H 
bond in formaldehyde is very much less than A, in ethylene. The cause 
of this difference is probably the drift of electrons in formaldehyde 
towards the oxygen atom and away from the C—H bonds. It is sur¬ 
prising, however, that the smaller value of k x , the stretching constant, 
occurs with the larger value of A„, the bending constant. We w T ould 
like to stress here that the stretching constants obtained when due allow¬ 
ance? is made for repulsion between the non-bonded atoms by inclusion 
of the terms in A R and \R' 1 , as in this paper, cannot be compared with 
those obtained using potential energy functions which do not allow r for 
such repulsion. We cannot compare the C—H stretching constants 
given here with many others that have been obtained using other force 
fields. 

Lastly, the stretching constant A, of the 0 =C bond in ethylene is 
7*16 and that of the C =0 bond in formaldehyde is 11 x io & dynes/cm. 
Both these are, as would be anticipated, bigger than the constants w r e 
have found for single bonds. They are smaller than values quoted else¬ 
where because the inclusion of necessary repulsion terms results in de¬ 
creased bond force constants. Or, alternatively, the failure to include 
repulsion terms explicitly in the potential energy function results in 
the repulsion contributing to the bond force constants, thus making 
the deduced values of the bond constants too big. The way in which this 
happens may be seen by examining the formulae in Appendix I and II. 


ltt Buckingham, Proc. Roy. Soc . A, 1938, 168, 264. 


3 °’ 
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Formaldehyde 


APPENDIX I 



Symmetric Planar 


+f '-[-^r] + f.-[ i 5 -w=-] + '••[--£ *]} 

+ »{(f,.A, - «)[^ + + —if] + (A,A. - ft>[f, + 

+ (A,A>- «a>+ — ■ + Tjjif] + Mn - S'W[” ] 


+ (A.A. - *»'-> [*-=S? “] + (W. - IM[- S*]! 


(fltfuft* ~~ 2 f LI fz3 ~~ ft if is — 2 fssf\z 


+ 4/12/1 


iA3) [w 2 h » 


L —L~ .j-_?— 

m c wj,m 0 w H w c w 0 


— 11 - 0 , 

fWoJJ 


f u ss k x + 2A cos 2 </> -f sin 2 <j>, 

2 B 

f22 = £i -f 4 A cos 2 0 -f — sin 2 6 , 

K 

fit = *" + zA sin* ^ ^ • 7 cos 0 cos <f>, 

r l r l 

f 12 — 2^4 cos d cos ^ — sin 0 sin <f>, 

K 

Br 

/l 3 = 2^4 sin <f> cos $ + -5 . — cos'0 sin 

it 

■q 

fa = 2.4 cos 0 sin <f> -f ^ sin^0 cos 


Antisymmetric Planar 


+ MK + a+« 4 4 -^] 

, - f 4 sin a cos a 4 sin of] 1 

** 2 L wi0 Wo^Jj 

+ {(ftifh - /?.) [(4 + „ 7 1 ] Wo ) + 7 ; (“ + ~n 0 [+ ~~f) 

r, U cos a\~l | _ q 

r, \ m a m c / J J 


r ” “ ^T ¥ 0 • 7 ; ~ 5 ^ 003 9 tos * + '- 2A sin ‘ *• 


where 
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Non-Planar 


^h(^0 T- k n ) 


_2k n cos* a -f K T* k n r\ 


B 
R ' 


— 8 -• ]{(—+—) 
r x cos aj l\m E mj 


~b cos* a 


rjr 


+ ■ 


-1 


+ 


cos a . = o* 

' 2 Wc /) 


' rtlm c m 0 J 

To obtain the secular equations for deuteroformaldehyde, replace m E by wi D . 


APPENDIX II 


Ethylene 



* - 'Mi +-T ] + 4i] + 

r r 4 cos on * T8 sin a cos a~] . r r 4 sin a“l1 

+ H“ ^ J + H J + H ro<T Jj 

+ + («.. - 4®[4 + 


+ (f„A, - + (*.<■•• - *«m[- S“] 

4 (fnfu - */»>[- J' 

“ |( fn fafzz — fn/J3 — 4/22/?! ~ /*33 fii + “ °' 


where 


fn =■■ *1 + ^ sin* $ *f 2*4 cos 2 <j>, 


B , 




f»j — & 2 — ^ sin* 0 + 8/1 cos* 0 , 

XI 

/t 13 f 

faa cos 0 cos 6 -f 2 x 1 sin* 6 , 

r\ R r x T 

2 B 

fit “ “ — sin 0 sin <f> -f 4-4 cos 0 cos <f>, 

22 y 

f , 9 --- . — 2 sin <f> cos 0 4 A sin ^ cos <f>, 

•2xt Tj 

2 lJ 

fzz ~ sin 0 cos ^ -f 4^ sin <f> cos 0. 

Mi + ? ^] + 4i+”2r“] + 4 

+ {(f„a- 4 ft )[4 + „;J-«. 

ri — 1 ^ . - 2 . cos 0 cos <f> -J- 2/1 sin* d>. 

b u t? V 1 1 


8 sin a cos a 


m 


]} 


8 sin a cos a 


ni c 


]} 


r\ ' zk E + k* R' r 1 


where 
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A* 


m 0 r\ 


■ A {*■ [sr. + ^r] + * Ks + aj 5r) 

r/ 8 sin a cos a\ 16 sin a ^i"|l 

+ fla i\ ~rn c / tn c ' r,Jj 

+ jlfufas 4 ^ ,3 ^C(»»6 + *»h>»c) m^niQ ' r| 1 m u m c 


8 f? , 8 cos a 


m 0 


g 


3 + 


8 cos 


r-gH 


where 

B 1U 


B 2 


pi ± 

/3S yX * 


MS 


r\ ’ 2* u + Ag 


B f 

~ . cos 9 cos <j> -{■ 2 A sin* <j >. 

B fj 


— + —) 
n B mj 


r h B {k% 4- ka) 

I 

B 


1/ 

L 2*h cos’ a + *.“ + Ag 


R 

' r x cos 

V 

r *«■(** + K) 

I 

B 


-111 

L2&h cos* a -f + k a 

4 

R ‘ 

_ 

’ r x cos 

«Jl< 


k w H 


2 

We, 


:) 


8 cos a r i ® cos* a 


% 


m 0 r t m 0 

‘ A= x . ±Y-i'\ 

L2/f H sin* a -f 

To obtain the secular equations for deuteroethylene, replace m a by w D . 


Conclusion. —The present treatment of the vibrations of ethylene 
and formaldehyde has been made without introducing any cross-term 
constants which lack physical significance. All the terms introduced 
into the potential energy function can be related to particular distortions 
that occur when the molecule is vibrating and can be considered in terms 
of the theory of valency. Perhaps the most interesting result is that the 
force constant in the term measuring the effect of distorting the 7 r-bond 
orbitals is negative. This means that when the C=C of 0=0 bonds 
are bent so as to distort the zr-bond the increase in potential energy 
resulting from the distortion of the a-bond is lessened by the decrease 
in potential energy resulting from the distortion of the rr-bond. 


We wish to thank Imperial Chemical Industries for providing us with 
a calculating machine. One of us (P. J. W.) would like to thank the 
Haimsworth Trust for a Senior Scholarship, and another (I). F. H.) the 
Department of Scientific and Industrial Research for a grant. 
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PART IX.—A RELATION BETWEEN BOND INTERACTIONS 
DURING VIBRATIONS AND ON DISSOCIATION 


By J. W. Linnett and M. F. Hoare 
Received 6 th April, 1949 

The main object of this investigation is to relate the bond-bond cross-term 
constant k l2 in a bonded system of atoms ABC to the change in the bond AB 
when the bond BC is broken. Theoretical considerations suggest that, if k ia 
is positive, the bond AB would become shorter and stronger when BC is broken ; 
but if k 12 is negative, AB would become longer and weaker. An examination 
of 10 symmetrical triatomic molecules ABA shows that this relation does exist. 
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There is a rough correlation between the change in length of the bond AB and 
the size of k l2 . In all these cases, except possibly one (S 0 2 ) a positive cross- 
term is associated with the presence of electrons unlocalized over the region of 
the two bonds. This is also borne out by the study of another 12 molecules 
for which data are available. When only localized electrons are involved, k l% 
is always negative. The reason for this correlation is discussed. 


The simplest potential energy (P.E.) functions, when applied to poly¬ 
atomic molecules, do not make any allowance for the interaction between 
bonds. However, there is no doubt that such interactions do occur, 
i.e. when one bond in a molecule is distorted, the electronic structure of 
other bonds is affected and their pro per ties changed. Allowance has 
usually been made for this by adding cross-terms to the P.E. function. 
That is, instead of writing the P.E. function as a sum of squared terms, 

V ■= \ A rf -f an angular part, . . . (1) 

terms like A ]S AriAr s are added and the function becomes 

V — i + \ 'k {i A r i A^ -f an angular part . . (2) 

A number of suggestions have been made in attempts to clarify the 
situation with regard to these cross-terms. 1 The main purpose of this 
paper is to relate cross-terms to what happens when distortion is carried 
to the limit in the dissociation of the molecule. In the discussion we con¬ 
sider also the relation between the bond-bond cross-term and electronic 
structure. 

Let us first consider how these cross-terms may be supposed to arise, 
by examining the P.E. function of a linear ABC molecule, limiting our¬ 
selves to the case when there are bond length distortions only. 

The general P.E. function may be written 

V = l MAr AB ) 2 + \ MAr BC ) 2 + *12 Ar AB Ar B0 . . (3) 

where A r AB — r AB — >i B , 

rJ B being the equilibrium length of the bond AB when Ar BC is zero. 

Now let us suppose that when the bond BC is distorted from r£ c to 
t'jjc, there is an interaction effect between the electrons in the two bonds 
which results in the energy being a minimum when r AB = r° AB , ^ab being 
different from r^ B . If we then consider the distortions of AB occurring 
when BC is distorted to r BC , we would write 

Pab = J/h^AB - r° Ah y .(4) 

In this we suppose that the bond BC is held at r BC , that V AB is the 
potential energy in the bond AB only, and that k x has not changed as a 
result of the distortion. We must likewise suppose that distortion of 
AB affects BC in the same way that distortion of BC affects AB. So 
we may write for the distorted molecule: 

V = — rln) a -f lk 2 (r B0 — t'Bc)* . . (5) 

Now t when Ar BC = o, — r AB , 

and when r BC ~ 00, r AB == rf B , 

where r% 3 is the length that the bond AB has in the diatomic molecule 
produced when the bond BC is broken. Similar conditions will apply 
for the effect of r AB on r BC - 

It is reasonable to assume that r ° AB changes smoothly and regularly 
from to r^ B as r B0 changes from r BC to 00. Let us suppose that the 

1 Coulson, Duschesnc and Manneback, Nature , 1947, 160, 793. 
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change can be represented by the simplest form of relation, having the 
correct boundary conditions, namely : 



Lwi r A» _ r bc *bc Ar BC 

- <B UC 

• (6) 

or 

* 

_L AB — r AB 

r AB ™ ' AB + 


so that 

nic 

Kb — *Sb) = Ar SH - Ar BC r ~" - — . 

• ( 7 ) 




But in molecular vibration problems we always consider vibrations 
to be of small amplitude and for these, r BC is not appreciably different 
from ^ c . So (7) becomes 

Kb — rlu) = Ar AB - Ar B /-~r~ A “’• ' ’ • ( 8 ) 

tiC 

= Ar A B — &r BC K lt 

where K\ = —.(y) 

Substituting this back into (4), and allowing for a similar effect of AB 
on BC, we have 

V — l^i(Ar AB — A^cA,) 2 -f- £/f 2 (Ay BC Ar AB A 2 ) 2 , 

“ 2(^i + ^2AJ)(Ar AB ) a -f 2(^2+(Ar BC ) 2 — (A! 1 A 1 -f-^ 2 A'2)Ar AB Ar B0 (10) 

But in most cases r d Kli — the difference between the equilibrium 
distances of AB in the diatomic molecule AB and in the triatomic mole¬ 
cule ABC is probably small compared with f* c , so that K l and similarly 
A’ 2> will be small. For this reason, terms involving 7 v’, 2 and A r a a may be 
neglected to a first approximation, and (10) becomes 

V =r P,Ar*„ + p z A rl 0 - (kj\\ + A 2 A' 2 )Ar A „A»-, lc , . (n) 

or, for a symmetrical molecule ABA', 

V = ^(ArS® 4- A r*. B ) - 2* 1 A' 1 Ar AB Ai' A / B - . . . ( 12 ) 

Thus this picture would give k 12 in eqn. (3) equal to — 2k i K l . There¬ 
fore, since k 1 must be positive, the sign of k l2 must have the opposite 
sign to that of I\ v From (9) we may say that when r AB is greater than 

the cross-term constant will be negative ; while when *^ B is greater 
than ?' AB the cross-term constant will be positive. 

That this is to be expected qualitatively, is easily demonstrated. 
When k 12 is negative in the symmetrical molecule ABA' the P.E. increases 
less if Ar AB and Ar A , B are the same sign, (symmetric motion) than if 
Ar AB and Ar A / B are the opposite sign (anti-symmetric motion). This 
moans that if the bond AB is stretched, the bond A'B may be expected 
to lengthen. If we extend this to the limit of breaking the bond AB 
completely, we may expect the A'B bond that is left to be longer than 
the AB of the triatomic molecule. This is the conclusion of the algebraic 
treatment. However, the latter has the advantage that it may help 
us not only to estimate the sign of the cross-term from a consideration 
of the diatomic and triatomic molecules, but also very roughly the mag¬ 
nitude. 

In deducing the above formula, it was assumed that the A, of AB 
did not change with the distortion of BC. This is adequate to the 
approximation required (second power terms only in Ar AB and Ar BC ). 
If the dependence of h x on r ]U , — r BC were included, only third power 
terms would be introduced, and these contribute negligibly for small 
displacements. 
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So, in order to test the present idea we have to compare the change in 
bond length in passing from the diatomic to the triatomic molecule with 
the cross-term constant required in the triatomic molecule. Unfortun¬ 
ately the required bond lengths are not always known. In this event 
we may fall back on the Clark or Badger relationships.* The Clark 
relationship suggests that r AB is inversely proportional to the sixth power 
of the force constant. As the bond energy changes regularly with the 
change in bond length and force constant, in certain cases it may be 
possible to compare change in bond energy with the cross-term constant. 

Summarizing, we may say : 

(а) If rjj n > then k 12 is expected to be negative. 

(б) If the force constant in the diatomic molecule is greater than the 
force constant in the triatomic molecule, k l2 is expected to be positive. 

(c) If the bond energy in the diatomic molecule is greater than the bond 
energy in the triatomic molecule, k l2 is expected to be positive. 

Results 

The results for six linear symmetrical molecules are given in the first part 
of Table I, which lists the bond lengths, force constants, and bond energies of 
the triatomic and corresponding diatomic molecules. For such triatomic 
molecules, the bond force constant k x and the cross-term constant k 12 can both 
be determined from the frequencies of the two valency vibrations. The cross- 
term constants are listed in the last column. 

The eighth column gives the difference between the bond lengths in the tri¬ 
atomic molecule and that in the diatomic molecule (see ( a ) above). This should 
be the same sign as k vl , and it will be seen that, in all cases where it is known, 
this is so. The corresponding force constant differences Ar(di) — A(tri) and bond 
energy differences b( di) — />(tri) (see (b) and (r) above), are shown in the ninth 
and tenth columns. These, likewise, should be the same sign as that of k lt . 
Again, in all cases it will be seen that the signs are the same. 

The frequencies of five symmetrical non-linear triatomic molecules are also 
known with sufficient accuracy to enable force constant calculations to be made. 
Calculations for H a O and 1) 2 0 were made by Heath and Linnett, 2 3 giving k L 
and A 12 . Those for H 2 S and H a Se have been made by Heath, 4 the bond-angle 
cross-term constant being arbitrarily put equal to zero. Similar calculations 
were made for SO a and N 0 2 , the bond-angle cross-term constant again being 
put equal to zero, so that k x and A ia were obtained. The values of A 12 for these 
molecules are also given in the first part of Table I, and the bond length, force 
constant, and bond energy differences are given in columns 8, 9 and 10, as before. 
Again it will be seen that the signs of the figures in these three columns are the 
same as the sign of the corresponding k 12 for all five molecules. 

It must be realized that the results for the bent ABA molecules (except 
H 2 G) are less reliable than those for the linear ABA molecules, because we have 
had to fix an arbitrary value of o for the bond-angle cross-term constant in 
order to solve the equations involved. However, it was found for NO a that 
the sign of the bond-bond cross-term k lz was not altered by putting the bond- 
angle cross-term equal to + I X 10 5 or — J X io 6 dyne/cm. 

The results for some other linear molecules are given in the second part of 
Table I. With N a O we can say that A* 12 is positive because any value less than 
0-326 would give imaginary values for the main force constants. With the 
cyanogen halides we cannot fix the sign of tfie cross-term with certainty. The 
four valency vibrations of HCN and DON lead to a negative value for k l2 . In 
C a Hj and C 2 D 2 the Cs(‘/CH and C = C/CD cross-term constants were found 
to be negative. In C 2 N a a complete solution is possible and the CsN/C—C 
cross-term is found to be positive. With C 3 0 2 also, both bond-bond cross-terms 
are positive. We have treated HC—C—CsCH by making the reasonable 
assumption that the CsC/CII cross-term constant is the same as in acetylene. 
The four available frequencies then allow us to calculate the CsC/C—C cross¬ 
term constant, which is found to be positive. Meister and Cleveland 6 have 
treated di-iodoacetylene and have calculated that the bond-bond cross-term 
is positive. 

2 Clark, Phil. Mag. 1934, *8, 459. 

3 Heath and Linnett, Trans. Faraday Soc. t 1948, 44, 556 . 

4 Heath, D.Phil. Thesis (Oxford University 1948). 

6 Meister and Cleveland, J. Chem . Physics, 1940, 17, 212. 
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TABLE I. — Showing Bond Lengths in A, Bond Energies in kcal./mole, 

for Various 


f Molecule 

'1. 

fd AB 

Ax Tri 

XhDi 

b Tri 

c<v 

1163° 

1*13° 

15 * 5*2 

18-52 

19 O* 0 m 

c.s a « 

I- 55 ' 

1 * 53 ® 

7*53 

8*32 

i 3 8 * 3 m 

n 3 -» 


1*09® 

J 3 - 4 <> 

22*40 

— 

HfiCV 

2*20 / 

— 

2*66 

1*47 

52 - 3 n 

HgBr, f 

2*40^ 

— 

2*37 

1*14 

43 *9 n 

HgV 

2 ' 55 ' 

— 

i*8i 

0*69 

34 *5 n 

SO a ° 

J- 46 * 

1.49a 

9*87 

7*77 

12(>*0 m 

no 2 ° 

1*21* 

1*15° 

io*8o 

15*50 

lIO*O m 

h 2 o° 

0*958* 

0*971° 

8*42® 

7-76 

I 09 * 4 m 

H a S a 

1 - 35 * 

1 * 334 “ 

4 -o 3 « 

— 

86- 5 ” 

H a Se° 

i*6 p 

— 

3 15 * 

— 

— 

N a O* 

NN i*i2 / 

NO i*I9 / 

1*09® 

I*i 4 / 

i4*68<&<24*88 

I 3 * 70 <^< 23*32 

22*40 

15*50 

* 263 * 4 m 

ClCN d 

CC 1 1*67* 

CN 1 13* 

— 

— 

— 

1 

BrCN* 

CBr 179* 

CN 1*13* 

— 

— 

— 


ICN d 

— 

— 

— 

— 

— 

HCN° 

CH 1 06* 

CN 1*15* 

— 

5-51 

1874 

4*09 

14*74 

— 

c 2 h,« 

CH 1 057* 

CC 1-204* 

— 

5*92 

15*74 

— 

— 

c,iv 

CD — 

CC — 

— 

5'99 

I 5-85 

— 


'"c 8 n;~ 

CN 1*2® 

CC 1.5* 

— 

638 

.I 7-58 _ 

— 

... 

C 2 I 2 « 

Cl — 

CC — 

— 

3 - 29 * 

_(15-80). 

— 

— 

~ CaOjO 

CO 1*20* 

CC/ 1-29* 

— 

12-75 

1506 

— 

— 

c 4 h 2 « 

CH — 

CC/ i 19* 

C/C/ 1 *36* 

| 

5 * 5 8 

18*02 

3*15 

— 

— 


“ Herzberg, Infra Red and Raman Spectra of Polyatomic Molecules (Van 
Nostrand Co.). 

b Sutherland and Penney, Proc. Roy. Soc. A, 1036, 156, (>78. 
f Wehrli, Helv. physic. Acta., 1938, II, 339. 
d West and Farnsworth, J. them. Physics, 1933, I, 402. 
e Meister and Cleveland, J . Chem. Physics, 1949, 17, 212. 
f Wells, Structural Inorganic Chemistry (O.U.P.). 

0 Spoiler, Molckulspektren. 

h Yost and Russell, Systematic Inorganic Chemistry of the 5th and 6th 
Group on-metallic elements (O.U.P.). 

* Wheland, Theory of Resonance. 
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Bond Force Constants and Bond-bond Cross-terms in dvne/cm. x io 6 , 
Molecules 


b Di 


JtjDi - JbTri 

6Di - bTii 

k lt 

256*i* n 

4-0*03 

4-3*°° 

4-65*5 

+ i+>3 

i66 m 

4~0*02 

_ ±°; 7 ? _ 

+ 8-94 

+277 

4-0*623 

225*1 m 

(o*o(>) 

— 

+ 1-568 

24 n 

— 

-1*19 

-28-3 

- 0-058 

i6*4 n 

— 

-1*23 

~~ 2 7'5 

-0*0905 

12*O n 

— 

— I * 11 

-22*5 

— 0*0912 

H9’5 m 

—0*03 

— 2*10 

-6*5 

- 0*117 

i 5 ° m 

-f 0*06 

+47" 

-F40 

-|-I*42 

I01 m 

-0*013 

— 0*66 

-8-4 

— 0*20o8® 

<88 m 

— 0*0I<) 

— 

— 

— o*2i88« 

— 

— 

— 

— 

— 0*249® 

225'l m 

I50 m 

— 

— 

Positive 

4-o*326</f 12 < 4-19*45 

— 

— 

— 

— 

-3-39<*n< + 28-8 

— 

— 

— j 

— 

-4*29<A I8 < +36*14 


1 — 

— 

-4-45<A„< +38-34 

— 

1 

1 

Negative 

— 

— O72 

— 

— 

— 

— 

— 0*088 

— 

— 

— 

— 

—0*067 


— 

— 

— 

+1-14 

— 

— 

— i +o-8 5 * 

1 _ _ 

— 

— 

— 

— 

OC—CC+1-257 

CC—CC + 2-563 

— 

■ 1 

— 

! 

HC—CC (-0*088) 

CC—CC/ 4 - o*77 


w Gaydon, Dissociation Energies. 
n Skinner, Trans. Faraday Soc., 1949, 45, 1. 
p Cameron, Sears and Nielsen, /. Chew. Physics, 1939, 7, 994. 
q Heath, D.Phil. Thesis (Oxford University, 1948). 

t Figures in this column refer to the sources of the vibration frequencies 
used in the calculation of k v 

l Vibration frequencies for diatomic molecules were all taken from Herzberg, 
Infra Red and Raman Spectra of Diatomic Molecules. These were not corrected 
for anharmonicity. 

* Atomic Heat of Formation. 
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Discussion 

We propose first to consider the results for the ABA molecules since a 
more complete set of data is available for these than for the molecules 
in the second part of Table I. 

The general conclusion is that with all of these symmetrical triatomic 
molecules, the sign of k 12 is consistent with what happens when distortion 
is carried to the limit in the dissociation of the molecule. That is, when 
one bond in ABA is broken, the remaining bond is always a longer, weaker 
bond if k l2 is positive (4 examples), but the remaining bond is always a 
shorter stronger bond if k l2 is negative (6 examples). This is in agreement 
with the conclusions of our original discussion, which were summarized 
in (a), (b), and (c). These results therefore confirm the main thesis pro¬ 
pounded at the beginning of the paper. 

The case of C 0 2 requires further discussion. As Herzberg 6 and 
Gaydon 7 have pointed out, there are two possibilities for the dissociation 
of CC) 2 . Either it dissociates into CO in its ground state *27 and an oxygen 
atom in its excited state 1 D, as suggested by Herzberg ; or it dissociates 
into an oxygen atom in its ground state 3 P and CO in an excited state 
*n, as suggested by Schmid. 8 The figures in Table I are those correspond- 
ing to the former possibility, for the figures for the diatomic molecule 
are those relating to carbon monoxide in its ground state. If the second 
possibility were the true one, as is advocated by Gaydon, the CO bond 
in CO 2 would be stronger and shorter than the CO bond in the diatomic 
molecule left b) 7 the breaking of the other bond in the triatomic molecule, 
and A’j 2 would be expected to be negative. The fact that k 12 is undoubtedly 
positive in C 0 2 , together with the fact that in all other cases the sign of 
k 12 is consistent with what occurs on dissociation, leads us to believe that, 
when one oxygen atom is removed from CO 2 by an electronically adiabatic 
process, the CO molecule remaining is probably one having a smaller 
interatomic distance than the CO distance in CO,. That is, we think 
that the present evidence supports the view that when C 0 2 in its ground 
state dissociates thermally, it produces a CO molecule in the ground state, 
and an oxygen atom in an excited singlet state. 

Adel and Dennison 9 suggested that the positive sign of the cross-term 
in CO 2 was due to repulsion between the oxygen atoms, but Thompson 
and Linnett 10 pointed out that resonance theory provided an explanation 
of the sign. That theory supposes that the electronic structure of C 0 2 
can be represented as a combination of the three canonical structures : 

(i) O-C-O (ii) O = C—O (iii) O—C == O 

This will lead us to expect a positive cross-term, for, if the left-hand 
CO bond is lengthened, the structure (iii) will be favoured relative to (ii) 
and the right-hand bond will tend to shorten. Moreover, if we now 
imagine this process to be continued further and further, we may suppose 
that (iii) eventually becomes of predominant importance. If this structure 
is then finally broken, the two electrons of the left-hand bond would 
have to pass as a pair into the carbon atom for the products to be electric¬ 
ally neutral, and all three lone pairs of the oxygen atom would be left 
intact. Though this resonance theory picture of the dissociation of C 0 2 
may be over-simplified, it suggests that CO a should dissociate into a normal 
CO molecule and an excited O atom.* Before any definite conclusion 

6 Herzberg, Chem. Rev., 1937, 20, 143. 

7 Gaydon, Spectroscopy and Combustion Theory (1948), p. 188. 

8 Schmid and Gero, Z. physik. Chem. B, 1937, 3 *>> io 5- 

Adel and Dennison, Physic. Rev., 1933, 44, 99. 

Inompson and Linnett, J. Chem. Soc., J937, 2, 1384. 

In writing X Y, X—-Y or X = Y in these formulae we mean to signify 
on ) that there are two, four or six electrons in the bond and not that these 
are necessarily equally shared between the two atoms. 
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can be made, it is necessary that we should know with certainty the 
nature of the dissociation products of CO z . 

In the ion N“, the cross-term is also positive as would be anticipated, 
because N" is isoelectronic with C 0 2 . We would likewise expect CS 8 
to resemble CO a and here also the cross-term is positive. 

In NO 2 , k 12 is positive. A similar resonance theory explanation can 
be given for this case also. The N 0 2 molecule may be supposed to be 
structurally a resonance combination of 

(i) (O—N-O; (ii) fO-N—O) (iii) : O—N "=^"0 : (iv) : 0 =“N—O : 

If the left-hand bond is stretched, we may suppose that (i) increases 
in importance relative to (ii), and (iii) relative to (iv). As the stretching 
is continued, (iii) assumes the greatest importance and finally this splits 
into an oxygen atom and an NO molecule having the electronic structure 
: N'=^' 0 : which is that assigned to the ground state of NO by Pauling. 
This picture implies that the oxygen atom breaks away in the excited 
l D state. However, it should be treated with the same reserve as the 
resonance picture of the dissociation of C0 2 . 

An alternative molecular-orbital way of describing the dissociation 
of these triatomic molecules with positive cross-terms may be expressed 
in the following manner. Ip all these molecules there are electrons which 
are non-localized. As one bond is lengthened, the P.E. of an electron 
in a space between the atoms forming this bond increases, and these un¬ 
localized electrons move out of the region of increasing P.E. towards the 
region of the other bond where the P.E. is not increasing. So that the 
electron cloud in that bond increases at the expense of the other. If 
this can be accommodated in a bonding orbital, and judging from the 
results this seems to be possible in all the cases considered here, the electron 
cloud will contribute further to the binding of that bond. Consequently 
the breaking of the one bond leaves the other stronger and shorter. This 
explanation is, of course, equivalent to that from the resonance theory. 

The ABA molecules having a negative cross-term may be divided 
into three groups. lf 2 0 and its analogues H 2 S and H 2 Se, HgCl 2 and its 
analogue's HgBr 2 and HgT 2 , and S 0 2 . 

We may note that the tirst six molecules are all supposed to possess 
localized binding electrons. In the dissociation of the water molecule 
into H and OH, for example, the situation is quite different from that 
obtaining when non-localized electrons are present in the molecule. When 
one H atom is broken off, the electron pair bond is split and one electron 
departs with the H atom and the other is left as a lone electron on the 
() atom. In H 2 () there was a repulsion between the pair of electrons in 
one OH bond and the pair in the other. In the OH diatomic molecule 
left on dissociation, this repulsion is replaced by one between the lone 
electron on the O atom and the pair that remain in the OH bond that is 
left on dissociation. From the result that the OH bond is longer and 
weaker in the diatomic molecule than in H 2 0 (and that k 12 is negative) 
it appears that the repulsion of the lone electron on the binding electrons 
of the OH bond in OH is greater than that of the shared pair in H 2 0 . 
An alternative way of expressing this is to say that the lone electron in 
OH has a larger screening effect than the shared pair in H 2 0 ; or that the 
effective electronegativity of the atom is greater in H a O than in the OH 
radical. It is not unreasonable that this should be so because the orbital 
occupied by the lone electron on the O atom in OH will have its maximum 
value much nearer to the O atom than does the bonding orbital in H a O, 
where the maximum is near the centre of the bond and well removed from 
the O atom. 

This argument which has been applied here to H 2 0 is obviously a general 
one for molecules which contain only localized bonding electrons. So 
we would expect that the cross-term constant will always be negative when 
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non-localized bonding electrons are involved. This is a simple general 
rule which it is interesting to test. Of the ABA molecules, H a S and 
H 2 Se are like H 2 0 and have negative cross-terms as expected. The 
mercuric halides contain only localized bonding electrons and k xl is 
negative in agreement with the rule.* SO a seems to be anomalous, for 
it is supposed to contain non-localized electrons but the cross-term is 
negative. This will be considered in more detail later. So, of the 
eleven ABA molecules studied, ten obey the rule and one does not. 

The molecules listed in the second part of Table I will now be con¬ 
sidered. The structure of N a O is always supposed to be a resonating 
combination of two basic canonical structures, i.e. it contains non-localized 
electrons. In agreement with the rule, k x 2 is positive. The three cyanogen 
halides contain non-localized bonding electrons and the cross-term would 
be expected to be positive. One cannot be certain of the sign of the 
cross-term, but Coulson, Duchesne and Manneback 11 have supposed it 
to be positive in CNC 1 in agreement with the above rule. In C a H a , C 2 I) t 
and HCN, the bonding electrons are localized and k xi is found to be 
negative as expected. C 2 N 2 is often represented as a resonance between 
three canonical structures, which implies the presence of non-localized 
bonding electrons. As would be expected from this, k lt is found to be 
positive. For C s 0 2 , resonating canonical structures are also written, and 
the molecule is presumed to contain non-localized bonding electrons. 
Both the CO/CC and CC/CC cross-terms are found to be positive as would 
be expected from the rule. Non-localized bonding electrons assumed 
in the structure of C 2 I 2 are in agreement with the positive sign of the 
cross-term. Lastly, di-acetylene is isoelectronic with C a N 2 , and the 
central system of four carbon atoms is likely to resemble the atomic 
system of NCCN. So we may presume that as with NCCN, non-localized 
bonding electrons are present. This is confirmed by the positive value 
of the CC/CC cross-term constant. 

Coulson and Longuet-Higgins 12 have made wave-mechanical cal¬ 
culations of cross-terms in hydrocarbons containing conjugated systems 
of single and double C—C bonds, and conclude that “ the interactions 
between the unsaturated bonds arise primarily from the mobile electrons." 
It is noteworthy that in butadiene which is a system most like those we 
have studied, the cross-term constant is + 2*1 x io 6 . The considerations 
we have outlined above likewise suggest that this cross-term should be 
positive in sign. 

* The great weakening of the Hg-Hal bond in the diatomic molecule com¬ 
pared with that in the triatomic, may require special treatment. When one 
halogen atom X is removed from IIgX 2 , HgX is left in a doublet state. When 
the second halogen atom is removed from HgX, the Hg atom is left in a singlet 
state with no unpaired electrons. In HgX 2 the mercury atom is usually re¬ 
garded as being in the divalent state, i.e. the electronic structure is to be regarded 
as being constructed from a mercury atom with two unpaired electrons, in a 
pair of sp hybridized orbitals ( 656 /?). So there is a transition of the state of the 
mercury atom from this to the singlet state (6s 3 ) on passing from HgX 2 through 
HgX to Hg. It is not unreasonable to suppose that the change in the state of 
the Hg atom occurs at the first stage rather than at the second. In that case 
HgCl would be regarded as a Hg atom with two (>s electrons forming a single 
electron link with the chlorine atom. The alternative is to imagine HgCl to 
be constructed from llg with two unpaired electrons in 6s and 6 p orbits forming 
a pair bond with the unpaired electron of the chlorine atom. Either of the two 
alternative pictures is, of course, only an attempt to obtain ail approximation 
to the true electronic structure of the molecule, but it may be that the formula¬ 
tion which involves a single electron bond provides a closer approximation to 
the true structure of HgX. It gives a clear explanation of the weakness of the 
HgX bond in the diatomic molecule. 

11 Coulson, Duchesne and Manneback, Contribution a VEtude de la structure 
Moleculairc (Liege, 1948). 

12 Coulson and Longuet-Higgins, Proc. Roy. Soc. A, 1948, 193, 456. 
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The general conclusion is therefore that of the 21 cross-terms, 20 
obey the rule. The only one that fails is that in SO a . The sign of k 12 
in SO a is not certain, for with a value for the bond-angle cross-term 
slightly different from zero, k l2 would be calculated to be positive. How¬ 
ever, the comparison of the bond in SO a and SO confirms the negative 
sign, so that it seems likely that k lt is really negative. 

Pauling 18 has supposed S 0 2 to be a resonance hybrid of 

S S 

/\ and 
OO OO 


This means that it contains non-localized electrons. We would therefore 
expect k Xi to be positive instead of negative. When SO a dissociates 
into SO and O, it is likely to produce both the atom and the molecule in 
their ground states rather than both in excited states. The ground states 
are SO Z E and O Z P. So we see that, in spite of the non-localized electrons, 
SO 2 in some ways appears to behave in a similar manner to those mole¬ 
cules with localized electrons, where, on dissociation, a bonding pair is 
split, leaving one unpaired electron on the departing atom and one on 
the remaining molecule. In all cases of non-localized electrons so far 
considered, some non-localized pairs remain as pairs, and move as pairs 
into the bonds that remain after dissociation. 

A possible alternative explanation may be that SO* should be written 
as O — S — O, as suggested by Sutton, 14 in which the sulphur has an outer 
shell of 10 electrons—four localized shared pairs and one lone pair. This 
might be expected to dissociate so that two electron pairs become unpaired 
and SO and O are both produced in the triplet ground states. 

Consequently we may say that, though S 0 2 may be an exception to 
the general rule, there do seem to be circumstances which provide some 
explanation of its abnormality—in particular, the probability of dissoci¬ 
ation to an atom and a diatomic molecule, each containing unpaired 
electrons. 

In the introduction it was suggested that the change of bond length 
on passing from ABA to AB, would enable us to calculate the value of 
the cross-term (see eqn. (3), (9) and (12)) which lead to 


hi 2 


2 k 1 . -- 


( 13 ) 


This may be tested for C0 2 , CS 2 and H t O. For the other molecules 
the values of the constants are not sufficiently reliable or the appropriate 
bond lengths are not known. The figures used are those given in Table I. 
Results are given below. 



Calc, (dyne/cm.) 

i 

Obs. (dyne/cm.) 

co 2 

; 

0*80 X I0 5 

1-33 x 10 5 

cs a 

0*19 X io 6 

0-62 X IO 6 

H a O 

— 0*23 X IO 5 

— 0*20 X IO 5 


Considering the nature of the calculation, the agreement between the 
calculated and observed values is surprisingly good. All the calculated 
values are of the right order of magnitude, and we may hope therefore 
that these may provide a means of estimating roughly the value of bond- 
bond cross-terms in molecules where it is not possible to calculate them. 

1S Pauling, Nature of the Chemical Bond , p. 247. 

14 Sutton, Ann. Reports, 1940, 37 , 76. 




854 


MOLECULAR FORCE FIELDS 


In Fig. i we have plotted the value of (A„/A,) against (>-J B — rf n ) />* B 
for those ABA molecules for which figures are available. From eqn. (13) 
the points would be expected to lie on a straight line of slope 2, passing 
through the origin. It will be seen that they do in fact lie near a straight 
line, but the slope is 3. Therefore we may say that an empirical relation¬ 
ship, 



where 


a - 1 * 5 , 


would enable k i2 to be calculated more accurately from the bond lengths 
than by (13). 



Fig. 1.— Graph showing 
values of (>'„ - ^ B )/V' B , 
plotted against ky l /h l tri. 
(In drawing the line 
through the points, ad¬ 
ditional weight has been 
given to those of greater 
reliability.) 


There is another interesting and surprising rule regarding & 12 . I his 
is, that the bond-bond cross-term constant k 12 is always negative when 
the central atom has a higher atomic number than the mean of the atomic 
numbers of the outer atoms. Otherwise k 12 is positive. This rule holds 
without exception for all the molecules studied. We believe that as 
more examples become available, this rule should be considered further 
to see whether it still continues to hold. It is very interesting that it 
should be obeyed by all the molecules studied in this paper, particularly 
as there is no obvious correlation between this and the rule relating the 
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sign of the cross-term to the presence or absence of non-localized bonding 
electrons. 

In the above treatment we have ignored repulsion between non-bonded 
atoms which would obviously introduce cross-terms into the P.E. function. 
In the linear molecules we have considered, repulsion is not likely to be 
important because there is an atom m the line between the non-bonded 
atoms. In H 2 0 , H 2 S and H 2 Se, repulsion between the hydrogen atoms 
is probably unimportant (cf. Heath and Linnett), but of course in other 
molecules such as C1 2 0 or F a O, repulsion would probably be important 
in contributing to the cross-terms. So in the present scries of molecules 
we have restricted ourselves almost entirely to those in which only elec¬ 
tronic interactions between bonds are important. 

Our two general conclusions are, therefore : 

(i) If, when one bond in a triatomic molecule is broken, the other is 
left weaker and longer, k l2 is found to be negative ; on the other hand, 
if the bond left is stronger and shorter, k lz is found to be positive. This 
holds without exception, and there is a rough correlation between change 
in length of the bond, and the size of the cross-term. 

(ii) If the two bonds involved in the cross-term contain only localized 
electrons, the cross-term is negative ; but if electrons are present which 
are unlocalized over the region of the two bonds, the cross-term constant 
is positive. This holds for all molecules studied except possibly for 
SO 2 . i.e. certainly in 20 cases out of 21. With SG 2 there seem to be 
additional factors to be taken into account. This has been discussed. 

We wish to thank Imperial Chemical Industries and the Hope De¬ 
partment for making calculating machines available. 

Inorganic Chemistry Laboratory , 

Oxford . 


THE CONDUCTIVITIES OF DILUTE AQUEOUS 
SOLUTIONS OF POTASSIUM FERROCYANIDE 
AND CALCIUM FERROCYANIDE 

By J. C. James 
Received 14th April, 1949 

The conductivities of dilute aqueous solutions of potassium ferrocyanide 
and calcium ferrocyanide have been measured at 25 0 C. The results indicate 
that considerable ion association occurs in potassium ferrocyanide solutions 
and a value for A 0 , the conductivity at infinite dilution, has been derived from 
an extrapolation method based on this assumption. The behaviour of calcium 
ferrocyanide in dilute solution is that of a comparatively weak electrolyte, 
and the values A'j — 3*7 x 10' 2 , /\ 2 —- 1-69 x io~\ have been derived for the 
first and second dissociation constants. 


The manner in which the conductivities very dilute solutions of 
multivalent electrolytes approach the limiting Onsager slope is of con¬ 
siderable theoretical interest, and accurate data for salts of this type 
provide a stringent test for the various methods which have been pro¬ 
posed for extrapolation to the equivalent conductivity at infinite dilution 
A 0 . Also, Bjerrum’s equation 1 predicts that extensive ion-pair formation 


1 Bjerrum, Kgl. Danske Vid. Selsk., 1926, 7, No. 9. 
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should occur in such solutions and it is of interest to estimate the extent 
of such association. 

Potassium ferrocyanide is one of the few 1-4 valency type electrolytes 
suitable for study, and accurate measurements on solutions of this salt 
have been made by Jones and Jelen. 2 No measurements were made at 
concentrations below 0*001 N, however, and in consequence a lengthy 
extrapolation to A 0 was required. The results of this work were dis¬ 
appointing, as the authors could only conclude that the value of A 0 was 
between 185 and 196. Swift 8 * attempted to obtain a more precise A 0 
value from conductivity measurements on very dilute solutions, but the 
uncertainty due to experimental error was so considerable that no reliable 
extrapolation can be made from the results obtained. 

Conductivity data for the 2-4 valency type salt, calcium ferrocyanide, 
have been reported by Shoch and Felsing 4 * * and calculations by Davies 8 
based on these results indicate that dissociation is approximately 50 % 
complete at a concentration of 0001 N. No measurements were made 
below this concentration, however, and an exact treatment of the dis¬ 
sociation equilibria was not possible. 

In order to add to existing knowledge of such electrolytes, accurate 
conductivity measurements on very dilute solutions of potassium ferro¬ 
cyanide and calcium ferrocyanide have therefore been made and are 
reported in this paper. 


Experimental 

a.r. potassium ferrocyanide was recrystallized three times from conductivity 
water. Almost saturated solutions of the salt were prepared at 70-80° C, 
filtered, and allowed to crystallize ; the crystals were dried to constant weight 
in a vacuum desiccator over the partially dehydrated salt. Conductivity 
measurements on the more concentrated solutions were in excellent agreement 
with the data of Jones and Jelen 2 and it was assumed therefore that the com¬ 
position was accurately represented by the formula, K 4 Fe(CN) 8 . 3H 2 0. 

Kahlbaum calcium ferrocyanide w r as recrystallizcd three times from con¬ 
ductivity water, and dried to constant weight over the partially dehydrated 
salt. Some uncertainty has existed as to the exact degree of hydration ; thus 
Roscoe and Schorlemmer,® and Colman 7 assign 11*5-12 molecules of II 2 0 to 
the salt, whereas Berkeley, Hartley and Burton 8 find it. More recent work 
by Cumming,® and by Farrow, 10 indicates the formula Ca 2 Fe(CN) e . 11 II 2 0, 
and the present work confirms this. (Found : Ca, 16*37 %, Fe(CN) fl , 43*22 %; 
calc, for Ca 2 Fe(CN) 6 . 11 H 2 0 ; Ca, 16*35 %, Fe(CN)„ 43*14 %)• 

Conductivity measurements were made at 25° C, with the apparatus and 
technique described previously. 11 * 12 Measured conductivities were corrected 
for solvent conductivity, allowance being made in the correction for interionic 
attraction effects. Densities for the more concentrated potassium ferrocyanide 
solutions were taken from the data of Jones and Stauffer, 13 

Sw'ift 3 has stated that with very dilute potassium ferrocyanide solutions 
“ a continuous change in the resistance occurred during measurement, which 
w'as perhaps due to an unknown reaction of the material in the cell ". In the 
present work, it was observed both with potassium and with calcium ferro¬ 
cyanide solutions that a steady drift in the conductivity appeared to occur ; 
gentle shaking of the cell caused the conductivity to rise and on standing a steady 
decrease again commenced. The conductivity as measured immediately after 

2 Jones and Jelen, /, Amer. Chem. Soc., 1936, 58, 2561. 

3 Swift, ibid., 1938, 60, 728. 

4 Shoch and Felsing, ibid., 1916, 38, 1926. 

6 Davies, J. Chem. Soc., 1945, 460. 

* Roscoe and Schorlemmer, Treatise on Chemistry, 1913, Vol. 2, p. 1256. 

7 Colman, Analyst, 1910, 25, 299. 

8 Berkeley, Hartley and Burton, Phil. Trans. A, 1908, 209, 177. 

8 Gumming, J. Chem. Soc., 1924, 125. 

10 harrow*, ibid., 1926, 50. 11 Davies, ibid., 1937, 43 2 * 

12 Davies and James, Proc. Roy. Soc. A, 1948, 195, 116. 

13 Jones and Stauffer, J. Amer. Chem. Soc., 1936, 58, 2558. 
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agitation of the cell remained almost constant for periods of up to 2 hr. and was 
taken as the true value. This behaviour is attributed to adsorption or decom-. 
position of the electrolyte on the surface of the electrodes with a consequent de¬ 
crease in conductivity in the immediate vicinity. On shaking, the solution 
concentration between the electrodes again becomes equal to the bulk concen¬ 
tration and the conductivity rises to the true value. This effect is only appreci¬ 
able in very dilute solutions, becoming almost negligible for concentrations 
greater than 0-002 N. Similar drift effects have been observed with dilute 
potassium ferricyanide solutions by Hartley and Donaldson, 14 and with potassium 
iodate solutions by Monk, 15 and have been overcome in the same way. 


Discussion 

Potassium Ferrocyanide. —Results are given in Table I and Fig. 1. 
Marked deviations from the limiting Onsager equation occur even in very 
dilute solution and it has been suggested by Davies lfi that these may be 
ascribed to the occurrence of first-stage association : 

K+ + Fe(CN);- ^ KFe(CN)““. 

TABLE I 

Equivalent Conductivities of Potassium Ferrocyanide Solutions at 25 0 C 


Run 

a 'h,o X ><=• 
(ohm -1 era. -1 ) 

C X IO 4 
(g. cquiv./l.) 

y/c X 10 * 

A 

(ohm -1 cm. * g.-eq ui v. “i) 

I 

°447 

1*4210 

I-I92 

179-78 



3-3624 

1-834 

175-76 



6-0115 

2 - 45-2 

171-80 



10-5480 

3-248 

166-70 

2 

0*339 

0-8631 

0-929 

181-78 



2-02 19 

1-422 

178-68 



3-9663 

i -991 

175-00 

3 

0-396 

31981 

1-788 

176-11 



5-3843 

2-320 

172-63 

4 

0-447 

3-06I0 

1-750 

176-41 

5 

0-270 

1 ‘ 1 335 

1-065 

180-71 



2-1798 

i- 47 fi 

178-17 



3*0385 

2-245 

173-14 

6 

0-275 

1-9991 

1-414 

178-57 



4 M 05 

2*035 

174-44 



5*7787 

2-404 

171-93 

7 

0-516 

10-5950 

3*255 

166-68 

8 

0-277 

0-9461 

0-973 

181-17 



1-6414 

1-281 

179-33 



3-5956 

1-896 

175-46 

9 

0-430 

34-091 

5-839 

15212 



48-227 

6-944 

146-88 


The extrapolation method suggested by Onsager 17 has been shown 15 
to be applicable only to very highly dissociated electrolytes ; with the 
present data, the plot of A -f- bet (where b is the limiting Onsager slope) 
against c shows considerable curvature, and cannot be satisfactorily 
extrapolated to zero concentration. To obtain an accurate A 0 value, 
a method has therefore been used which takes into account the extensive 
association which occurs in potassium ferrocyanide solutions. If such 

14 Hartley and Donaldson, Trans. Faraday Soc ., 1937, 33 » 4 ^ 5 - 

15 Monk, /. Amer . Chem. Soc., 1948, 70, 3281. 

16 Davies, ibid., 1937, 59» 

17 Onsager, Physik Z., 1927, 28, 277. 18 Davies, J . Chem. Soc., 1933, 645. 
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association is governed by a mass-action equilibrium, then with the correct 
value for A 0 , calculated dissociation constants will show no variation with 
concentration over the range studied and an accurate A 0 value may 



therefore be found by trial and error selection. Applying the treatment 
of Righellato and Davies, 19 if a is the degree of dissociation of the inter¬ 
mediate ion KFe(CN) e “", then the molar conductivity is given by 
4 A = 40c. A( Fe(CN);-) + 3(1-a) . A(KFe(CN)~) + (3 + a) . ^(K+) 

= 4 «[il(K+) + d(Fe(CN);-)] + 3 (i-a)[il(K+) + ^(KFe(CN);”)], 
where yl(Fe(CN)J“), v 1 (KFe(CN)~"), and yl(K + ) are the mobilities, at 
the concentration considered, of the three ions. The ionic strength of 
the solution is given by 

I = 2m(3 + 2 a), 

where m is the molar concentration ; the mobility at infinite dilution of 
the intermediate ion KFefCN)," ~ has been assumed to be 80 by analogy 
with the mobilities for other trivalent ions. The mobility terms 
[A( K+) + A( Fe(CN) § )~] and [A(K+) + A( KFe(CN)-)] 
have been evaluated from the appropriate limiting Onsager equations 
and a calculated by successive approximations. The dissociation constant 
is given by 


log K = log - log ir^T - 4 -° 7/l - 

The value for A 0 which is required to give consistent K values may be 
selected by a trial and error process to within o*i of a conductivity unit. 
As it is perhaps doubtful if the limiting equation can be applied, even at 


19 Righellato and Davies, Trans . Faraday Soc., 1930, 36, 592. 
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high dilutions to solutions containing a quadrivalent ion, Davies 18 has 
used an extended form of the Onsager equation to calculate the extent 
of association ; values for a have also been calculated from the present 
data in this way. The results obtained are summarized below. 


Equation used 

Intermediate ion 
mobility assumed 

A 0 [KFe(CN)r ] 

Mean K x io* 
(moles/1.) 

/1 ° 

(ohm' 1 cra. *g. -equi v.” 1 

Limiting Onsager 

80 

6-8 

186-45 

Extended Onsager 

80 

57 

186-50 

Extended Onsager 

IOO 

43 

186-50 


It may be seen that the value obtained for A 0 is dependent only slightly 
on the value assumed for the intermediate ion mobility and the form of 
the conductivity equation used in the evaluation of a. The influence 
of these factors on the value obtained for K is, however, considerable, 
and it can only be concluded that the dissociation constant is of the order 
of 0-005, confirming the estimate made by Davies 18 from the three most 
dilute points of Jones and Jelen. 2 

Application of the extrapolation method suggested by Owen 20 gives 
the value A 0 = 186-7 ± 0-05, in satisfactory agreement, and the mean 
value A 0 — 186-6 has been adopted. It is of interest that the Owen 
method, which accounts for deviations from the limiting Onsager equation 
by the use of the theoretical extension due to Onsager and Fuoss, 21 should 
give a result in such good agreement with that obtained from a method 
which interprets the “ conductivity deficiency ” in terms of finite dis¬ 
sociation constants. Similar agreement has been observed with other 
multivalent electrolytes. 12 * 20 

Calcium Ferrocyanide. —Results are given in Table II and Fig. 1. 
Large deviations from the limiting Onsager equation occur and unless the 
equation is quite inapplicable to this salt, it must be concluded that dis¬ 
sociation is far from complete even in dilute solutions. Calcium firro- 
cyanide will dissociate in two stages : 

Ca,Fe(CN) e Ca++ + CaFe(CN); 
and CaFe(CN)~ ^ Ca++ + Fe(CN)~. 

Approximate calculation indicates that even at a concentration of 0-0002 N, 
second-stage dissociation is only about 75 % complete. Such extensive 
association with an unsymmetrical valency type electrolyte would 
appear to render an accurate extrapolation to A 0 impossible. The methods 
of Onsager 17 and of Owen 20 cannot be used satisfactorily, as plots of 
the extrapolation functions show marked curvature down to the lowest 
concentration studied, and the method of trial and error selection of a 
A q value to satisfy the requirements of mass-action equilibrium for the 
ions present, can only give a very approximate estimate in this case, 
owing to the complex nature of the equilibria involved. An independent 
value yl 0 [Ca 8 Fe(CN) 6 ] — 172-6 has been obtained by combining the 
figure .d 0 [K 4 Fe(CN) 6 ] — 186-6 from the present work, with the values 
<d 0 [K+] — 73-5 and «d 0 [Ca ++ ] = 59*5, given by Shedlovsky and Brown. 22 

Taking a to be the degree of first-stage dissociation, and p to be the 
degree of second-stage dissociation, then the concentrations in moles/1, 
are given by 

[Ca,Fe(CN)J = (1 - a )m, [CaFe(CN);] - a (1 - P)m, [Fe(CN)J"J = a Pm, 
and [Ca ++ ] — a (x -f P)m , 

where m is the molar concentration of the solution. 

20 Owen, /. Atner. Chent. Soc., 1939, 61, 1393. 

81 Onsager and Fuoss, J, Physic. Chtm., 1932, 36, 2689. 

28 Shedlovsky and Brown, J . Amer. Chem. Soc., 1934, 5^, 1066. 
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TABLE II.— Equivalent Conductivities of Calcium Ferrocvanide 
Solutions at 25 0 C 


Kun 

k h,o X I0 * 
(ohnv^cm.- 1 ) 

c x 10 4 
(g. equiv./l.) 

\/c X 10® 

A 

(ohm-iem. 2 g. -equi v. -* 1 ) 

I 

0717 

1 - 2 Q 2 Q 

I-I 37 

l 4 2 -IO 



2-8187 

1-679 

127-85 

2 

0-564 

2-0526 

i *433 

133-84 



3-9854 

1*996 

119-92 



6-8844 

2-624 

107-76 



12*1670 

3-488 

95-21 

3 

o *337 

2-4561 

1-567 

130-66 



4-2776 

2-068 

118-59 

4 

0*451 

4*7324 

2-175 

116-02 



8-5889 

2-931 

102-90 

5 

0-635 

2-8914 

1-700 

126-90 



6-0254 

2*455 j 

110-90 

6 

0-586 

I- 96 II 

1-400 

134-65 



3-8370 

1-959 

120-86 

7 

o -593 

1-5796 

i *257 

138*80 



3-9019 

i -975 

120-55 



11-3800 

3*373 

96*84 

8 

0324 

I " 3°^5 

i*M 3 

M 2-33 

9 

0-346 

1-7719 

1*331 

136-43 



i' 5° f >5 

1*583 

129-83 

10 

0-400 

0-841 I 

0-917 

148-40 


The molar conductivity is given by 

4A = 4 a 0 . il[Fe(CN);“] + 2 a(i- 0 ) . /l[CaFe(CN);] + 2a(i + p) . /l(Ca++) 
= 4 afl[A . [Fe(CN)"~] +^l[Ca++]] + a«(i -j8)[^[Ca++] + /l[CaFe(CN);]] 

... (1) 

and the dissociation constant for second-stage dissociation is given by 




{Ca++}{Fe(CN)“ “} 
gl ” {CaFe(CN);} 


= log 10 -8-15!*. 


For dilute solutions, (1 — a) is small in comparison with (1 — p) 
and values for K % \ the apparent second-stage dissociation constant have 
been calculated assuming first-stage dissociation to be complete (i.c. 
a == 1). The mobility at infinite dilution of the intermediate ion 
CaFe(CN)e has been assumed to be 60, by analogy with the mobilities 
for other bivalent ions, and the mobility terms in eqn. (1) have been 
obtained from the appropriate limiting Onsager equations. The ionic 
strength of the solution is (4 -f 8 j 9 )am ; values for p have been derived 
by a method of successive approximations. With decreasing concentra¬ 
tion AY approaches K t , and a short linear extrapolation of AY to zero 
concentration gives K t = 1*69 x io~ 4 moles/l. 

For first-stage dissociation 


l°gio — logic 

= log™ 


{Ca++}{CaFe(CN);} 

“ {CaiFipfjjT" 

a 2 (i -f p){i-p)m _ r VI 

(1 - a) 4 Li + V7 


0 * 20 / 


] 


and using the value for K % obtained above, calculation by a method of 
successive approximations gives K 1 — 37 x io~ a ± o-i x io*** 8 moles/l, 
for the 5 most concentrated solutions studied. (The empirical extension 
of the Debye-Hiickel limiting equation used in this treatment has been 
extensively tested for electrolytes of other valency types, and has been 
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shown to give good agreement with experimental data**). These values 
for K t and K 2 are necessarily rendered somewhat uncertain by the as¬ 
sumptions made as to the intermediate ion mobility, and the form of the 
conductivity equation, but their substantial correctness is indicated by 
an examination which has been made of solubility data for calcium iodate 
in calcium ferrocyanide solutions. 6 

In conclusion, the author wishes to thank Prof. C. W. Davies for his 
continued help and encouragement in this work. 

The University , Battersea Polytechnic, 

Glasgow. London, S.JF.n. 


83 Davies, J. Chem. Soc., 1938, 2093. 


THE EFFECT OF ADDITIVES ON ELECTRODE 
REACTIONS 

PART I. THE VARIATION OF HYDROGEN OVERVOLTAGE AT 
VARIOUS CATHODES ON THE ADDITION OF ETHYL 
ALCOHOL, ACETALDEHYDE, AND ACETIC ACID 


Bv Allan Wetteriiolm 

Received njth January , 1948 ; as untended yvd May, 1949 

The potential changes on the addition of some organic compounds at silver, 
copper, nickel, and platinum cathodes have been determined. The compounds 
were ethyl alcohol (irreducible), acetic acid (hardly reducible), and acetaldehyde 
(easily reducible) in an electrolyte of N sulphuric acid -f 0-33 M sodium sulphate. 
The 7 )~log e.d. curves were determined between 2 x io“ 6 and 2 X io~* A/cm. 2 , 
with and without the addition of organic compound. 

Potential changes on the addition of an organic compound were : (i) Some¬ 
times an increase in overvoltage depending upon the added quantity of organic 
substance, as for Ag-C 2 H s OH, Ag--, Ni- , or Cu—-CH 3 CHO/and Ag—, 
Ni CHgtOOH. The b value of the Tafel equation is changed little at low' 
current densities by the presence of organic substance, (ii) Sometimes a de¬ 
pression of the original curve at low current densities w ith an increased gradient, 
e.g. Cu—, Pt—, or Ni—C 8 H 6 OH, Ni—CH 3 GHO, and Cu-~CH 3 COOH. The 
cause of the complex nature of the overvoltage changes is discussed, and it is 
shown that a reduction potential cannot be interpreted without taking into 
the account both solvent and poison effects. 


Many attempts have been made to use the potential of an organic 
electrolytic reduction as an indicator of the reducibility of the compound. 1 
For irreversible processes the changes of potential caused by the addition 
of organic compounds are, however, more complicated than those associ¬ 
ated with a simple depolarization because the organic compounds may 
affect the potential in other ways. A review of the literature shows that 
these additions may cause the hydrogen overvoltage to decrease or in¬ 
crease, or less frequently to remain the same. 

Decrease in Hydrogen Overvoltage.— Haber and Russ* observed 
that the addition of nitrobenzene to alcoholic, alkaline solution caused a 

1 Russ, Z. physik, Chem., 1903, 44, 641. Haber and Russ, ibid., 1904, 47, 
257* Hibbert and Read, J. Amer. Chem. Soc., 1924, 46, 983. de Bottens, 
Z. Elektrochem., 1902, 8, 305, 332. Tafel and Naumann, Z. physik. Chem., 
*905* 5t>» 713. Miiller, Chem. Rev., 1939, 24, 95. 

* Haber and Russ, (ref. 1 ). 
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depolarization at a working platinum cathode. The cathode potential 
could be expressed by the equation : 

, RT. 1 
„ = + Xy In 1 

where R, T, and F have their usual significance ; I is the current strength, 
Cr q the concentration of the depolarizer, k a velocity constant, and x 
is attributed to a " reaction resistance .” By analogy with the Tafel 
equation this may be written as 

V = ai + b x (In Cji s ), 

from which the effect of the organic substance is easily seen. A lowered 
potential was found by Hibbert and Read 8 on adding aldehydes and 
ketones at a lead cathode, by Tafel and Naumann 4 with caffeine at a 
mercury cathode (less than ioo % yield), and by Leslie and Butler 6 
with benzaldehyde at a mercury cathode. Herringshaw • investigated 
the reduction of maleic and crotonic acids and found a correlation between 
cathode potential drop and current yield. The work of Glasstone 7 
indicated that the addition of methyl and ethyl alcohols (which are not 
reduced) lowered the hydrogen overvoltage at lead. Levina and Silber- 
farb, 8 and Novoselski • observed that the overvoltage at mercury cathodes 
was lower in pure non-aqueous solutions (methyl and ethyl alcohols and 
ether) than in pure non-aqueous solutions. In a comprehensive investiga¬ 
tion of the overvoltages in solutions of HC 1 in various solvents including 
methyl and ethyl alcohols, ethylene glycol, formic and acetic acids, ether, 
dioxane, and in appropriate cases mixtures of these with water, Bockris 10 
observed effects conforming to this group as well as to the two succeeding 
groups using lead, copper and nickel cathodes. The effect of very low con¬ 
centrations (2 — 150 x io~® mole/1.) of alkaloids on the overvoltage is 
remarkable. 11 Although these substances lower the overvoltage at mercury 
and lead at low current densities, at high current densities they increase 
it, e.g. at mercury, tungsten, and platinum cathodes. 

Increase of Overvoltage.—Evidence of a reducible substance in¬ 
creasing the potential is given by Tafel and Naumann, 4 who mention 
that succinimide increased the potential at lead and mercury cathodes. 
Leslie and Butler 8 observed a potential increase at a smooth platinum 
cathode on adding pyridine (at concentrations of M/10,000 to M/10 in 
NH 2 SG 4 , current densities io" 3 - 5 -io~ a A/sq. cm.) and the new 17-log current 
density lines were parallel with the original ones. 

The increase of polarization on adding an irreducible compound was 
first observed by Thiel and Breuning, 12 who measured the minimum 
overvoltage at platinum and tin cathodes and added small amounts of 
ether, amyl alcohol, heptyl alcohol, and butyric acid. Glasstone 7 found 
the addition of small quantities of isobutyl and woamyl alcohols increased 
the potential, while larger amounts decreased it. Jofa et al , 13 investigated 
the mercury cathode and its behaviour on addition of surface-active 
cations and anions, the former increasing and the latter decreasing the 
overvoltage. Kolychev 14 reports a complex behaviour of esoamyl 

3 Hibbert and Read (ref. 1 ). 4 Tafel and Naumann (ief. 1 ). 

6 Leslie and Butler, Trans . Faraday Soc., 1936, 32, 989. 

•Herringshaw, Thesis (London, 1947). 

7 Glasstone, Trans. Faraday Soc., 1925, 21, 36. 

8 Levina and Silberfarb, Acta physicochim., 1936, 4, 275. 

9 Novoselski, J. Physic. Chem. {Russ.), 1938, II, 3O9. 

10 Bockris, Faraday Soc. Discussion, 1947, *» 95 - 

11 Bockris and Conway, Nature, 1947, * 59 » 7 11 - 

12 Thiel and Breuning, Z. anorg. Chem., 1913, 83, 329. 

13 Jofa, Kabanov, Kuchinsky and Chistiakov, Acta physicochim., 1939, 
*0, 317. 

14 Kolychev, Urhenye Zapiski Saratov Gosudarst Chernyshevskaya, Khim. t 
I 94 °» * 5 * 45 - 
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alcohol at a mercury cathode, small concentrations giving an increase 
and larger concentrations a decrease. Small additions of tetrabutyl- 
or tetrapropyl-ammonium sulphate are effective, in raising the potential 
of a lead cathode. 16 

No Change in Cathode Potential. —According to Leslie and Butler, 6 
the iH°8 current density curve for mercury is scarcely affected by the 
presence of pyriding (M/10), although this compound is readily reduced 
at a mercury cathode. 16 An irreducible substance not affecting the cathode 
potential is methyl alcohol at nickel. 10 

All the above-mentioned effects may occur simultaneously but there 
is as yet no method for their differentiation especially when reduction 
occurs. 

The influence of high molecular weight substances on the hydrogen 
overvoltage has been known for a long time and utilized in practice, 
e.g. in the electrochemical deposition of metals. The increase of hydrogen 
overvoltage on addition of such substances has usually been ascribed to 
adsorption on the most active part of the electrode surface, which assumes 
a more uniform activity. For the influence of substances of high mole¬ 
cular weight, see ref. 17-22. Similar work to that discussed above for 
cathodic reactions has been carried out 
for anodic reactions by Bockris 21 and 
Hickling. 21 

In order to elucidate to some extent the 
mechanism involved in these apparently 
random effects, it seemed desirable to ob¬ 
tain results using relatively simple organic 
additives. Accordingly, in the series ethyl 
alcohol, acetic acid, acetaldehyde (in order 
of reducibility *) were used with Cu, Ag, Ni, 
and Pt as cathodes. Furthermore, these 
organic compounds have the advantage of 
having similar values of surface energy 
(EtOH 22-3, CH,COOH 27 0, CH,CHO 
2i*2 dynes/cm.). 

Experimental 

Apparatus.— The measuring cell used was 
made up as a ring cell, according to a modified 
construction by Haber, 13 and was composed 
of glass rings pressed together (Fig. 1). The 
cell originally consisted of five rings comprising 
anode and cathode compartments, a middle 
ring continually washed with pure nitrogen 
during the measurements, and two rings for 
thermostatting the system. The last two, 
however, proved superfluous since a room 
temperature of 20° C ± 2 0 C could be main¬ 
tained. The surface area of the platinum Fig. i.—D iagram of apparatus, 
sheet anode, the cathode, and the thick parch¬ 
ment paper diaphragms were 28 cm. 1 The middle cell was necessary to prevent 
oxygen diffusion into the cathode compartment. The hydrogen w as freed from 

16 Wanjukova and Kabanov, J. Physic. Chern. (Russ.), 1940, 17, 2620. 

16 Ahrens, Z . Elektrochem ., 1895, 2, 577. 

17 Marie, Compt. rend., 1908, 147, 1400. 

18 Marie and Lejeunc, ibid., 1927, 179, 679. 

16 Isgarischew and Berkmann, Z. Elektrochem., 1922, 28, 47. 

20 Newbery, J. Chem. Soc ., 1914, 105, 2419. 

21 Bockris. Faraday Soc. Discussion, 1947, I, 229. 

22 Hickling, ibid., 1947, 1, 227. 

* Reduction experiments with M acetic acid in N H,S 0 4 showed a reduci¬ 
bility of about 0*5 % at some cathode materials ; c.d. io~ 3 to 5 x io~ 2 A/cm, 2 

28 Haber, Z. physik. Chem., 1900, 32, 193. 
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Fig. 2 .—Overvoltage at a copper cathode with and without addition of ethyl 

alcohol. 

O Overvoltage without additive. 

X „ with i mole/1, alcohol. 

• „ 2 „ 



Fig 3. —Overvoltage at a copper cathode with and without addition of 

acetaldehyde. 

O Overvoltage without additive, 
x „ with 1 mo’e/l. acetaldehyde. 

• „ 2 
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oxygen by passing it through a furnace at 6oo° C alternately packed with copper 
chips and 15 % platinized asbestos. The gas was then passed through a wash- 
bottle containing the same acid as the electrolyte and was conducted to the cell 
and the hydrogen electrode by all glass connections. The*potential measure¬ 
ments made use of a valve bridge manufactured by the Cambridge Instrument 
Company, and the current was measured by a Hartmann and Braun precision 
milliameter (accuracy ± 1 %). The measurements were made in the usual 
manner with the fine end of a glass tube, in electrolytic communication with the 
reference electrode, pressed against the surface of the cathode. As reference 
electrode a hydrogen electrode was employed in the same solution N H,S 0 4 + 
0*35 M Na 2 S 0 4 (50 g./l.) * as was used during the measurements. 

Materials. —The electrolyte was produced from a.r. sulphuric acid and 
NaOH and doubly-distilled water, prepared in an all-glass still. The ethyl 
alcohol used was 99*5 % alcohol. Commercial acetaldehyde is of varying 
purity due to polymerization on storage. Merck's p.a., Kahlbaum's and 
Eastman's c.p. acetaldehyde were therefore used, both being redistilled (over 
CaCl 2 ) and analyzed after distillation.j* In order to avoid polymers being 
carried over the distillation was carried out carefully since small amounts of 
polymers disturb the measurements. The receiver for the distillate was cooled 
in solid CO, and the acetaldehyde, originally 70-90 % CH a ClIO was obtained 
9Q-2-ioo % pure. The distilled fractions were kept at — 25 0 C when formation 
of polymer is disclosed by crystallization. In the surface treatment the cathodes 
were moistened with distilled water and then ground with fine emery cloth. 
Each electrode was used only once or twice. 

Procedure.— It is of primary importance for establishing the existence of 
a potential change to have an initial potential-c.d. curve (tj-Io g c.d.) which is 
satisfactorily reproducible. It became evident that this condition was not easy 
to attain since the potential varied with the method of measurement (see below') 
and the time that the cathode had been charged or treated with hydrogen. 

The methods of measurement which can be applied are : 

fii) The potential, whether constant or not, is measured a fixed time after 
the adjustment of the current (sec Knobel, Caplan and Eisemann, 24 who 
measured the potential 1 min. after the adjustment of the current. This method 
is rapid but not reliable). 

(b) In principle the correct method of measurement w r ould be to start from 
the zero current for every measuring point, then adjust it to the desired value, 
and await the constant potential. However, this introduces the risk of con¬ 
taminating the solution by traces of the metal dissolved during the breaking 
of the current. This method of measurement was used by Masing and Laue, 25 
by Hickling and Salt, 2 * 5 and by Bockri.s.* 7 

(c) The cathode is prepolarized at a certain, usually low*, current density, 
eventually the lowest current density used, for a relatively long time (up to 

4 hr. or more). The values of potential at the higher current densities may then 
be measured rapidly (cp. N&ray-Szab6 28 who used prepolarizing current 

5 X io~ 5 A/cm. 2 for several hours and states that without this polarization 
no reproducible values could be obtained ; see also Lukowzmv, Lewina and 
Erumkin 2ft and Eegran and Lewina 30 ). 

In the present work method (r) was employed and found to give reproducible 
77-log c.d. plots. The object of this work was not so much to determine the 
overvoltage itself but the potential changes on the addition of organic compounds. 
Preliminary measurements showed that to obtain reproducible values the 
measurements must be done in the same manner and without delay between 
the separate runs. Consequently all measurements with one substance were 
carried out in one day. 

* The addition of Na 2 S 0 4 w’as originally made in order to increase the con¬ 
ductivity of solutions of higher pH and was retained in the present studies. 
The presence of Na 2 S 0 4 seemed to have no effect on the results in general. 

t By Kipper’s bisulphite method. 

24 Knobel, Caplan and Eisemann, Trans. Atner. Electrochem. Soc., 1923, 
43 , 55 - 

26 Masing and Laue, Z. physik. Chem . A , 1907, 178,1. 

a * Hickling and Salt, Trans. Faraday Soc., 1940, 36, 1226. 

27 Bo< kris, ibid., 1947, 43, 417. 

28 v. Ndray-Szab6, Z. physik. Chem., A, 193S, 181, 367. 

29 Lukowzew, Lewina and Frumkin, Acta physicochim., 1939, 11, 21. 

30 Legran and Lewina, ibid., 1940, 12, 243. 
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Current density pA/cm* 

-Overvoltage at a copper cathode with and without addition of acetic 

acid. 

O Overvoltage without additive. 

X ,, with i mole/ 1 , acetic acid. 

• „ „ 2 . 



Current density /jAJc/t?* 

Fig. 5.—Overvoltage at a silver cathode with and without addition of ethyl 

alcohol. 

O Overvoltage without additive, 
x „ with 1 mole/1. alcohol. 
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The procedure used in the measurements was thus as follows. After 
previous hydrogen bubbling, prepolarization was commenced at 2 X io -4 A/sq. cm. 
and continued until a steady potential value was attained, usually after 1-3 hr. 
Steady potentials at the higher current densities were then obtained within 
a few minutes after adjustment of current. This procedure was repeated until 
two series of measurements agreed within a few millivolts. The first addition 
of organic substance was then made (without switching off the current), pre- 
polarization carried on to a stable potential value and the measurements re¬ 
peated. Table I illustrates the procedure and the reproducibility obtained. 

TABLE I.— Overvoltage at a Silver Cathode With and Without the 
Addition of Acetaldehyde (cp. Fig. 6) 


Current density 
i (/<A/cm.*). 
logi . 

211 

1-33 

4 2 'S 
1*06 

100 

200 

200 

2 30 

500 

270 

1000 

3‘0o 

2000 

3 ‘ 3 o 

5000 

370 

10000 

4*00 

20000 

4 * 3 ° 



Overvoltage mV without additive 



Run No. 1 

244 

300 1 

357 


396 


441 

472 

509 

5 93 

601 

<>37 

2 

243 

^95 i 

344 


380 


421 

453 

487 

54 6 

589 

<>37 

3 * 

265 

3*2 j 

360 


392 


432 

458 

493 

553 

605 

O46 

4 • 

280 

328 

377 


406 


446 

475 

5io 

565 

60O 

— 

5 • 

279 

32b 1 

370 


400 


44O 

476 

5 io 

565 

606 

O46 



Overvoltage + 0*5 mole CH.CHO/ 1 . 



1 

333 

380 1 

420 


449 


492 

326 

567 

617 

657 

689 

2 

333 

377 1 

4 i 5 


445 

491 

528 

577 

b 55 

692 

7X6 



Overvoltage 4 i-o 

mole CH.CHO/l. 



1 

37 -J 

4 10 1 

450 


4«3 


54 l 

5 8 9 

<>31 

669 

692 

710 



Overvoltage 

- 

b i-5 mole CH3CHO/I. 



1 

410 

444 j 

480 


520 


587 

632 

006 

t >93 

711 

726 

After 10 hr. at 













2 pi gA/cm. 2 


j 









! 


2 

452 | 

493 

543 


5«4 


939 

679 

708 

734 

753 

7 () 3 

3 • 

44*3 i 

495 ! 

5 (>S 


<>l8 


(>6y 

(>97 

7 L 5 

738 

75 8 

768 

4 • 

1 

| 454 1 

501 i 

559 


6l8 


008 

by 7 

715 

739 

757 : 

768 

1 


Overvoltage 

-f 2-o mole CTljCHO/ 1 . 



1 

5«3 j 

557 j 

614 


040 


O7O 

694 

7°5 

725 

734 : 

742 

2 

508 ! 

500 , 

OlO 


<'53 


080 

700 

7*4 

735 

74 b i 

755 



Overvoltage -f 3 <c 

mole CH.CHO/l. 



1 

557 j 

603 

(.44 


(>67 


680 

O90 

704 ! 

725 ! 

733 j 

744 

2 

554 1 

602 

l >43 


608 


Oyo 

704 

711 ! 

73 i 

740 | 

750 


Adjustments to a lower current from a higher one always result initially in 
a far lower potential than was obtained in a previous run, but these lower 
potentials gradually increased to a steady value. It would be expected that 
adjustment of the current as above would lead to a higher potential ; this is 
discussed later. 


Results 

The results of the overpotential measurements with and without organic 
additions are presented diagrammatically. 

As expected the overvoltage of platinum (cf. Masing and Laue * 5 ) reached 
its equilibrium value slowly especially at the lower current densities where several 
days may be required ; consequently the lowest current density values were 
avoided. Table II shows the results on the addition of ethyl alcohol. 
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TABLE II.— Overvoltage at Smooth Platinum With and Without the 
Addition of Ethyl Alcohol. Run No. 65 



Current Density 

C.d. (fiA /cm.*) 

100 

200 

500 

1000 

2000 

5000 

10000 

20000 

log c.d. 

2*00 | 

2*30 

270 

3*00 

3*30 

3 ' 7 o 

4*00 

4*30 




Overvoltage mV * 




Run No. 2 

407 

484 

5°8 

525 

545 

591 

64I 

696 

3 

410 

445 

474 

498 

525 

595 

654 

714 

4 

421 

470 

502 

531 

566 

618 

674 

711 




1 mole C 2 H 6 OH/l.* 




1 

441 I 

471 

506 

527 

555 1 

592 I 

628 

656 

2 

421 

4^3 

504 

533 

55 b 

590 

635 



* Prepolarized for 12 hr. at 100 /z A/cm. 2 

It is clear that the 17-log. c.d. curve is approximately linear in the range 
2 x io" 5 — 2 X io~ 2 A/cm. 2 

Generally, this agreement with a logarithmic course becomes more satisfactory 
with increasing number of runs and this is best illustrated in Fig. 11 which 
shows consecutive runs on platinum. 

Calculation of the constants a and b (mean values) in Tafel’s equation gives 
the following results :— 


TABLE IIT(«).— Values of Constants in Tafel’s Equation (Doubly- 
Distilled Water Used) 


Cathode Metal 

No. of Expt. 

(volt) 

b 

(volt) 

Cu 

4 

o -75 + 0-01 

— O-OI 

4- o-on 

°-° 93 _ 0.015 

Ag 

3 

0-84 + °'°° 

* — o-oi 

0 - 1 X 9 +0 '° 01 

V — 0002 

Ni 

2 

078 + 0,01 
' — 0-02 

o-ii8 

Pt 

I 

0-87 

0.112 — 0*15 


The influence of the very small amounts of impurities present in singly 
distilled water may clearly be seen by comparing Tables 111 (a) and III(fc). 

TABLE 111 ( 6 ) 


Cathode Metal 

Cu 

Ag 


No. of Expt. 


(volt) 


b 

(volt) 


0*75 

*F 

0*01 

0-089 

+ 

0-008 


0*00 


0-003 

0-65 

4 - 

o-oi 

0-108 

+ 

0-014 


0*01 


0*014 

0*57 

4 - 

o-oi 

o-iiO 


0*001 


0*01 


o-ooi 


Ni 
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Fig. 8. Overvoltage at a nickel cathode with and without addition of ethyl 

alcohol. 

O Overvoltage without additive. 

# M with 2 mole/1, alcohol. 
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Current density j. jAjcm 2 


Fig. 9 .—Overvoltage at a nickel cathode with and without addition of 

acetaldehyde. 

O Overvoltage without additive. 
x ,, with i mole/1, acetaldehyde. 

• „ 2 „ 
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Generally the a values are lower when using a less pure electrolyte. The 
values obtained are in agreement with Baars 31 who gives for copper a — 078, 
b — 0-105, and for silver a — 0-95, b — 0-120. 

The effect of addition of an organic substance is sometimes to depress the 
original curve at lower current densities with an increased gradient of the 
Tafel line, and sometimes to increase the overvoltage at all current densities. 
A summary of the types of overvoltage change for different systems is given in 
the Table IV. (The word " turning ” indicates an increased gradient was 
observed.) 


TABLE IV 


Cathode Metal 

Behaviour on Organic Addition 

Ethyl Alcohol 

Acetaldehyde 

Acetic Acid 

Cu . 

| 

Turning 

Raising 

Turning 

Ag . 

Raising 

Raising 

Raising 

Ni . 

Turning 

Raising 

Raising 

Pt . 

I 

Turning 

1 

— 


The magnitudes of increase in overvoltage with addition of definite amounts 
of organic substances are given in Table V. 

TABLE V.— Increase in Overvoltage on the Addition of either 
C t H a OH, CH 3 CHO, or CHjCOOH, at 10- 3 A/cm. 2 


Cathode Metal-Organic Additive 
System 

mV Increase on Addition of 

Run N 

| 1 st (mole/1.) 

2 nd (mole/1.) 

Cu—CH3CHO . 

39 

83 

33 


5 b 

62 

34 

Ag—C 2 H 6 OH . 

-29 

28 

40 


57 

30 

53 

Ag—CH a CHO . 

57 

60 

39 


80 

70 

70 

Ag—CH3COOH . 

18 

18 

62 

Ni—CIIjCHO 


17 

57 

Ni—CH3COOH . 

30 

30 

46 


Run 70 is interesting (Fig. 0). At the lower current densities the " additive ” 
curves run parallel with the overvoltage curve but are displaced to more negative 
potentials. This is followed by a more rapid increase in potential, whilst at 
still higher current densities the curve rises less steeply. Further addition of 
acetaldehyde does not appear to effect any further increase of overvoltage above 
730 to 740 mV. 


Discussion 

The main effects of an organic compound on the cathode potential 
are : 

(i) A solvent effect on the overvoltage changing the overall velocity 
of hydrogen liberation reaction may decrease or increase the potential. 

(ii) An alternative hydrogen-consuming process at the cathode can 
only lower the potential (the reduction effect). 

(iii) An increase of the concentration of organic compound occurs 
at the metal-solution interface due to adsorption (the adsorption effect). 

81 Baars, Sitz. her. Ges. Naturwiss. Marburg, 1928, 63, 213. 
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No one hitherto has shown that the increase in potential is dependent 
on an adsorption process, although it is generally assumed to be so (cp. 
Leslie and Butler 6 and the so-called “ poison effect " on overvoltage **). 



Current dcrw/y Jem 2 


Fig. io.—Overvoltage at a nickel cathode with and without addition of acetic 

acid. 

O Overvoltage without additive 
X ,, with i mole/ 1 , acetic acid. 

• „ 2 



Fig. ii.—A ttainment of a straight line at a platinum cathode without additives. 


If, however, we try to use the depolarization effect of an organic 
substance to follow a reduction reaction or as an indicator of the re- 
ducibility of the compound then (i) and (iii) may be expected to influence 
the results. A i eduction depolarization may thus be masked by other 

32 Bockris, Chem. Rev., 1948, 43, 526. 
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effects leading to higher or lower values than the real reduction de¬ 
polarization. Sometimes an adsorption polarization conceals the depolar¬ 
ization completely, as with acetaldehyde. With irreducible substances 
the solvent and adsorption effects may give rise to the complicated course 
which the potential sometimes follows with increasing current density 
or concentration of organic compound. The existence of simultaneous 
effects, as considered above, may distort the potential relationships and 
render them difficult to interpret. 

Although the number of systems, cathode metal-organic compound, 
studied is too low for general conclusions to be drawn it appears that 
the magnitude of the overvoltage increase bears some relation to the 
reducibility of the compound. Thus with acetaldehyde increases are 
found in 3 out of 3 metal cathodes, with acetic acid in 2 out of 3, and 
with ethyl alcohol in only 1 out of 3. These results are to be in accord 
with the prevailing view that the adsorption of the organic substance 
is mainly responsible for the observed increase in overvoltage. 

The change of slope of the Tafel line which occurs in the presence of 
acetaldehyde may be ascribed to a depolarization reduction since the 
change of the slope occurs at approximately the same potential at all 
aldehyde concentrations. However, it must be noted that the current 
density at which the change occurs—which would therefore be identical 
with the limiting current of the depolarization process—decreases with 
increase in acetaldehyde ‘concentration. Hence the explanation that 
the change of slope corresponds with the limiting current for the reduction 
process is inadequate. 

As mentioned previously, on passing from a higher to a lower current 
density much lower ^-values than expected from consideration of a pre¬ 
ceding run are obtained, although the original values are gradually 
attained. An explanation of this behaviour may be found by applying 
Hickling and Salt's 33 theory of overvoltage. Masing and Laue 25 proved 
that the hydrogen content of platinum after charging depends on the 
previous cathode potential. At a higher potential we may thus expect 
a higher hydrogen content. This may hold for some other metals to a 
lesser degree. (A metal such as mercury which shows little or no vari¬ 
ation of fj with time would not be expected to contain hydrogen.) The 
amount of absorbed hydrogen in equilibrium with the cathode at high 
current densities is thus higher than that in equilibrium at low current 
densities. Because a new equilibrium with lower absorbed hydrogen is 
only slowly established, the probability of the combination of adsorbed 
hydrogen 

Hads. -f- HadB. — H 2ad8 

is larger than that corresponding to equilibrium conditions for absorbed 
hydrogen. Gradually this excess of Had*. over the equilibrium value 
disappears and the potential rises to its final value. 

The author wishes to express his gratitude to Prof. G. Angel, Stockholm, 
for much good advice during the progress of this work, and to Dr. J. 
O'M. Bockris, Dr. J. F. Herringshaw, l)r. R. Parsons and Dr. B. Conway, 
and to Mr. E. C. Potter for valuable discussion during the preparation of 
the paper. He is also grateful to the Swedish State Council of Techn. 
Research for a grant. 
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83 Hickling and Salt, Trans . Faraday Soc 1942, 38, 474. 



SOME APPLICATIONS OF INTENSITY 
MEASUREMENTS IN THE INFRA-RED 

By R. E. Richards and W. R. Burton 
Received 19 th May, 1949 

Absolute extinction coefficients have been measured for the N—II absorp¬ 
tion band near 3400 cm. -1 , and the C O vibrations near 1700 cm. -1 in a number 
of compounds. The band areas were obtained by direct integration of an error 
function which was fitted to the absorption curves. By treating the N—H 
link as a harmonic oscillator with fixed charges on the nuclei, a value of o*8D 
was obtained for the dipole moment of the N—H link. The extinction coefficient 
of the characteristic carbonyl band at 1700 cm. -1 is shown to be related to the 
polarity of the C -O link. 


Previous applications of infra-red spectroscopy to the study of 
molecular structure have largely depended on the determination of the 
frequencies of the maxima of absorption bands ; 1 this work is a prelim¬ 
inary investigation of the possibility of using absolute extinction co¬ 
efficient determinations to study the molecular structure of polyatomic 
molecules. Relatively little work on these lines has been reported. 
Fox and Martin 2 * 3 4 * - * have described the study of the hydrogen bond by 
measurement of the intensity of certain infra-red absorption bands of 
hydroxylic substances in solutions of different concentrations, and Bell, 
Thompson and Vago 6 have used the intensity of a C—H bending vibration 
of the aromatic ring to obtain a measure of the value and direction of the 
dipole moments in these compounds. Thorndike, Wells and Wilson 6 
have made careful measurements of extinction coefficients in simple sub¬ 
stances such as N 2 0 and C0 2 . 

The extinction coefficient of an absorption band in the infra-red can 
be shown to be a function of the change of dipole moment of the mole¬ 
cule during the vibration. 7 For a binuclear simple harmonic oscillator, 
it is easy to obtain an expression relating the area of an absorption band 
to the reduced mass of the link, and to the net charge e resident on each 
atom, this being assumed to remain constant during the vibration. 
This assumption is, of course, not valid for molecules, but if the dipole 
moment of the link is obtained in this way and compared with that ob¬ 
tained by other methods, it might be possible to discover how the charge 
distribution varies within the link during the vibration. 

Now the area of an absorption band is given by 7 » 8 

ftf/lr — — (Rn—► «? • N n — B m n . N m ), 

where a v is the extinction coefficient at frequency v c. /sec., c m is the velocity 
of light in the medium, N n is the number of molecules per cm. 3 in the 
vibrational level n, N m is the number of molecules per cm. 3 in the level m, 
and B n -+ m — is the Einstein coefficient of absorption. At room 

1 F.g. Thompson, J. Chem. Soc., 1944, 183; Barnes, Gore, Liddel and 
Williams, Infra-red Spectroscopy, 

2 Fox and Martin, Proc. Roy. Soc. A, 1937, 162, 419. 

* Idem., ibid., 1938, 167, 257. 

4 Idem., Trans. Faraday Soc., 1940, 36, 397. 

6 Bell, Thompson and Vago, Proc. Roy. Soc. A, 1948, 192, 498. 

8 Thorndike, Wells and Wilson, /. Chem. Physics, 194b, 14, 578 ; 1947, * 5 » 
157, 868. 

7 Pauling and Wilson, Introduction to Quantum Mechanics. 

8 Tolmaii, Quantum Mechanics in Physics and Chemistry. 
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temperatures, hv/kT is fairly large, so that N n may be considered large 
compared with N m , and we can write 

h v N n B n —> m 

For a simple harmonic oscillator in a medium of dielectric constant €, 



Bn —► » + 1 — 


ne 2 (n -|- l)(c -j- 2) a 
3fjih v . 9c 


where fi is the reduced mass of the link, and v is its vibration frequency. 
For this case, we have therefore, 


N n ne 2 (ii -f- i )(c -f 2)* 

3 

For the fundamental vibration frequency, u — o. 

It is well known®* 10 that links between hydrogen and a heavy atom 
such as oxygen, nitrogen or carbon, behave to a considerable extent 
as independent oscillators, which are very little affected by variations 
of the masses of the groupings attached to the heavy atom. We have 
studied the extinction coefficient of the stretching vibration of the N—H 
link, and evaluated its dipole moment on the assumption that the charge 
distribution remains constant and that the link can be treated as a simple 
harmonic oscillator. 

Another approach is to study the extinction coefficient of an absorp¬ 
tion band known to be “ characteristic ” (ref. 9, p. 194) of a certain group¬ 
ing in a related series of molecules, where the charge distribution within 
the group would be expected to vary along the series. We have chosen 
the carbonyl group for this investigation, and a correlation with current 
views on the structures of the compounds studied is obtainable. 



Experimental 

All the measurements were carried out on a Hilger D209 double-beam 
spectrometer, 11 using a fluorite prism. The slit widths used \u i re 0*14 111m. 
at 3250 cm. i , and 0*50 mm at 1700 cm. l . The compounds studied were 
obtained commercially or prepared in this laboratory, and in all cases were 
purified by the appropriate methods. Two absorption cells were used ; the 
one for use with the N- W compounds was made from a glass tube, 5-07 cm. 
long, with Hanged ends to which rocksalt windows were sealed, and lor the 
carbonyl compounds a rocksalt cell was used, of the usual kind provided with 
filling tubes which could be sealed off. 12 The thickness of the short cell was 
found to be about 0*03 nun , by measuring the absorption of a solution ot azo¬ 
benzene in benzene of known concentration and extinction coefficient, in light of 
wavelength 43O0 A. The concentrations used were within the ranges : (a) for 

the N 11 compounds, 1 — 10 x io~° mole/un. 8 in carbon tetrachloride, (b) for 
the C---0 compounds 1 — 20 < 10 5 molc/etn. 3 in chloroform. The absorption 
cell was always replaced at a focus of the test beam of the spectrometer by 
means of positioning marks, and the reproducibility of this and of the instrument 
was checked by repeating each record at least twice. In order to obtain the 
position of the o % absorption line, the record was repeated under exactly the 
same conditions using pure solvent in the absorption cell, and this record could 
then be super-imposed on that of the solution. For measurements near 1700 
cm. -1 chloroform was always used as a solvent, and near 3300 cm. 1 carbon 
tetrachloride was the solvent. 

Throughout the measurements the speed ot the prism drive w-as maintained 
constant, so that a length of x cm. on the chart corresponded to a frequency 

® Herzbcrg, Infra-red and Raman Spectra. 

10 Linnett, Trans. Faraday Soc., 1945, 41, 223. 

11 Thompson, Whiffen, Richards and Temple, Report 17, Hydrocarbon Group , 
Inst. Petroleum. 

12 Whiffen and Thompson, /. Chem. Soc., 1945, 268. 
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range of xcv k c./sec., where v k is the number of wave numbers corresponding to 
I cm. on the chart at the wavelength being studied. We have, therefore, 

L'+j£*W = f OyV t C . Ax. 

• 3h c m j 

For convenience in evaluating the results, we write 

a v - (In y)/d, 

w here y is the transmission at frequency v, and d cm. is the length of the absorbing 
path. Putting 

k = lo 8 i o y M 

C 2-303 C 

where C is the concentration of the solution in mole/cm. 8 , we have 
J Q€ . 3 M Cc m v k . 2-303 

since N n /C JV, the Avogadro number. The value of j* AM* is therefore re¬ 
lated to e 2 for the simple case considered, the other quantities being known. 

The value of this integral could be obtained by replotting the absorption 

band as a graph of K against x for each solution, finding the areas by counting 

squares, and averaging the results. In order to reduce the labour involved 
in this method, we have fitted the absorption curve to an equation, from which 
the integral could then be obtained directly from the dimensions ol the original 

record. The value of the integral j* AM* is not altered by changing the position 

of the origin on the x axis, so that we have taken the value of x at the absorption 
maximum to be x — o. The majority of absoqMion bands studied w r ere sym¬ 
metrical about the peak, so K is an even function ot x, and may be written 

K = f(* 2 )- 

The function /(* 2 ) - A/( 1 -f Bx 2 ) 

was tried, but found to be unsatisfactory. Exponential functions have been 
found to be most suitable. The expression 

/(* s ) = Ac~ Bxl ~ Dxt 

was found to be no more satisfactory' than the simple error lunction Ae~ Bx *, 
which fitted every curve within the experimental error. Thus we may write 

+ oo 

Jam* = J/U’~^* 8 d* aVtt/b. 

— 00 

The constant A is identical with the value A' 0 of K at the peak, so that we have 
\ og in K 0 I K = ^ B , 

x 2 *'303 

so that the integral quired is 

^ 0/ ^ 2-303 H*' 

The value ot B / can be found at any point on the curve. Its constancy along the 
curve is a measure of the closeness with which the error function represents the 
curve, and consequently is a good test of the accuracy of the area obtained, 
since a fractional variation g in the value of B' involves a variation of only Jg 
in the value foi the area obtained. It was usual to study about eight solutions, 
and values for the integral were obtained with a standard deviation of about 3 %. 

The N—H Link.—The values of J AM* for the N—H stretching vibration 

of three compounds, are given in Table I. Unfortunately it has not been 
possible to study a larger number of compounds of this type ow-ing to limitations 
of solubility in carbon tetrachloride, which is the most convenient solvent for 

this region of the spectrum. The values ol f AM* in Table I are comparable 
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to within 5 %, but may be subject to a greater absolute error. It the N—H 
link is treated as a binuclear harmonic oscillator as described above, wc obtain 
the average values of the charges resident on each nucleus which are given in 
the last column of Table I. The dielectric constant is assumed to be thai of 
carbon tetrachloride in all cases. 

TABLE I.—N—II Valency Vibration near 3400 cm. -1 . Solutions in 
Carbon Tetrachloride 


Methyl aniline 
Ethyl aniline 
Diphenylamine 


A* = 


- lf >Kio.y 


v cm.- 1 

*0 

fKd, 

e (electrons) 

3430 

95,000 

305,000 

o*i(> 

343 ° 

89,000 

300,000 

0*16 

3435 

143,000 

390,000 

o*i 7 c 


whore v — - 1 r.itKmi'.'iinn C. runrpmntinn r»f inn in 


mole/cm. 3 . 

K 0 — value of K at x — o, i.e., at peak. 
x is measured in cm. 

The larger value of J Kdx in diphenylamine shows that the change of moment 

of the N H link in its stretching vibration is greater than with the other two 
compounds. For methyl and ethyl anilines, the moment of the N—II link is 
found to be about o*SD, taking the N—U length as i-oi A. 13 From the dipole 
moment 01 ammonia (1*437!) 14 ), a value for the moment of the N-—H link can 
be deduced by simple vector methods to be i*2<SD. This is higher than the 
value obtained above for methyl and ethyl anilines, but it may be of interest to 
note that the electronegativity difference between hydrogen and nitrogen would 
suggest that the N—H bond has a moment of about o*oD. lS The neglect of 
anharmonicity of the N—H vibration in the above calculations cannot lead to 
very serious error, since its effect on the transition moment is small. This has 
been confirmed by second-order perturbation theory calculations for a diatomic 
molecule, using a potential function of the type : 

V(x) — 27 T r fiv l x 2 + a * 3 I- bx A . 

Using plausible values 16 for the constants a and b, it is found that the transition 
moment differs only by about 3 % from that calculated on the basis of a har¬ 
monic oscillator. Rosenthal 17 has obtained a similar result using a Morse 
function. The low value of the moment of the N—H link found above is probably 
largely due to the fact that the fractional charges on the nitrogen and hydrogen 
atoms decrease as the link is stretched and increase as the link is compressed. 

The Carbonyl Link. —The values of j* A dr ior the C-O stretching vibra¬ 
tion bands of a set of carbonyl compounds are given in Table II ; the estimated 
error is obtained from the closeness with which the absorption bands fit the 
error function used. The intensities show a steady variation from acetalde¬ 
hyde to the amides, which have band areas nearly three times as great as the 
aldehydes. 

Unfortunately, this link cannot be treated as an isolated harmonic oscillator 
in the same way as the N—H link, although there is evidence that this vibration 
is not greatly affected by the masses of the attached grouping. 9 * 18 It is prob¬ 
able that this vibration is the one represented by (Fig. 1 19 ) except possibly 
in aldehydes, when the vibration might approach more closely to v z (Fig. 1). 

18 Ref. 9 , p. 439 . 

14 Van Itterbeek and De Clippeleier, Physica, 1940, 12, 97. 

16 Malone,/. Chem. Physics, 1933, >» 197; Smyth, J. Physic. Chem., 1937, 
41, 269 ; J. Amer. Chem. Sac., 1938, 60, 183. 

18 Linnett, Trans. Faraday Soc., 1948, 44, 556. 

17 Rosenthal, Proc. Nat , Acad. Sci., 1935, 21 * 281. 

18 Richards, Hartwell and Thompson, /. Chem. Soc., 1948, 1436. 

19 Burkard, Proc. Indian Acad. Sci., 1938, 8, 365. 
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It can be seen that for either mode, there would be expected a qualitative re¬ 
lationship between the charge separation in the molecule due to such mechanisms 
as 


Cx<! + 

and the change of moment during the vibration, this being related to the band 
area. The results of Table II therefore suggest that the charge separation 

TABLE II 



Compound 

A'o 


Acetaldehyde ..... 

2400 

2200 

Fropionaldehyde ..... 

1740 

2200 

Diethvl ketone ..... 

TQOO 

2130 

Cyclohexanone ..... 

249O 

2900 

Acetophenone ..... 

- 54 ° 

3000 

Acetyl chloride ..... 

2200 

33 °° 

Methyl propionate .... 

2O20 

3700 

w-Amyl propionate .... 

- 45 ° 

4050 

Ethyl acetate ..... 

2 O50 

4200 

Acetic acid ...... 

3 5 00 

4400 

Propionic acid ..... 

3200 

4400 

Phenyl acetic acid .... 

3220 

4300 

Benzoic acid ..... 

3930 

3730 

Acetanilide ...... 

2220 

4300 

Methyl-aceto-/>-toluidide 

4400 

(>300 

Methyl-a coto-o-toluidide 

43 20 

O500 

Diethyl formamide .... 

3313 

7300 


Estimated error - - io %. For units see text. 


due to electronic shifts of the kind suggested, increases along the series : 
aldehyde, ketone, acid-chloride, ester, acid, amide. This order fits well with 
that expected on other grounds, 20 although Walsh 21 suggests on the basis of 
ionization potential measurements that acetaldehyde possesses a more polar 
carbonyl group than acetyl chloride. This disagreement may arise from the 
uncertainty of the exact form ol the vibrations of aldehydes being considered. 



From the preliminary measurements on these two sets of molecules, it may 
be concluded that although the precise theoretical interpretation of the results 
is far from satisfactory, studies of this kind may well be of value when applied 

20 Walsh, Trans. Faraday Soc., 194b, 42, 56 ; ibid., 1947, 43, 158. Richards 
and Thompson, ref. 18 . 

21 Walsh, Trans. Faraday Soc., 1946, 42, 5 <L 
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in a semi-empirical way. For example, it may be possible to study variations 
in the properties of a grouping in a related set of molecules, or to estimate 
quantitatively the number of groupings of a particular kind in a molecule of 
unknown structure. 

In conclusion we should like to express our appreciation to Dr. H. W. 
Thompson, F.R.S., for advice and the use of the spectroscopic equipment, 
and to Mr. T. L. Cottrell and Dr. D. H. Whiffen for helpful discussions. 

Physical Chemistry Laboratory, 

Oxford. 


THE DETERMINATION OF THE SURFACE AREA 
OF A SOLID FROM AN ADSORPTION ISOTHERM 


By James F. Duncan 

Received 22nd October, 1948 ; as revised 23 rd May , 1949 

The Harkins method, and the Brunauer, Emmett and Teller method of 
estimating the surface area of a solid from the adsorption isotherm of a suitable 
gas are applied to isotherms of ethylene at liquid air temperature. It is shown 
that both methods lead to the same results for a given isotherm. The isotherm 
equation of Harkins, and the Brunauer, Emmett and Teller equation as modified 
by Anderson are reduced to the form p/p 0 • C( 1 — V m /(DV)) ; it is shown 
that from the Anderson constant K, and assuming a given value for the area 
occupied by an adsorbed molecule, the Harkins constant k may be estimated 
approximately. A more accurate value of k is obtained from the plot of p/p Q 
against ljV for isotherms of nitrogen and ethylene. A quick method of deter¬ 
mining the surface areas of large numbers of solids to about 20 % accuracy is 
suggested, based on the assumption of a value for the Anderson constant, and 
the linearity of the pjp 0 — i/F plot over the range of p!p 0 from 0-25 to 0*75. 


The area of a porous solid is conveniently estimated from an adsorp¬ 
tion isotherm of a suitable gas determined under conditions of physical 
adsorption. The work of Harkins 1 and also of Brunauer, Emmett 
and Teller 2 has provided alternative methods of estimating the surface 
area of a porous solid from a given isotherm, and the values obtained 
using the two different methods are in very good agreement. 

The present paper gives some conclusions based on the determination 
of the surface areas of several different powders, estimated by measuring 
the adsorption of ethylene on the powder at liquid-air temperature. 
Both methods of calculating the surface area were used and in general 
good agreement was obtained. In the progress of this work, however, 
it was noticed that provided the constant c of the B.E.T. equation is 
large, the equations of state associated with the two methods could be 
reduced to identical form and another simpler method of calculation could 
be adopted. The number of samples of which it was necessary to deter¬ 
mine the surface area was quite small, but if large numbers of surface 
area measurements are to be made a quick routine method could be de¬ 
veloped which requires only one measurement of the quantity of gas 
adsorbed at an equilibrium pressure of about half the saturation vapour 
pressure. 

1 Harkins and Jura, J. Atner. Chem. Soc., 1944, 1366. 

2 Brunauer, Emmett and Teller, ibid., 1938, 60, 309. 
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Experimental 

Apparatus. —The apparatus is shown in Fig. i. The volume of ethylene 
adsorbed was measured at liquid-air temperatures ; at this temperature the 
adsorption of ethylene is completely physical. The whole apparatus was pumped 
out with a mercury diffusion pump and the glass thoroughly flamed. Ethylene 



Fig. i.—T he sorption of ethylene at liquid air temperature. 

A, B, C, 1 ), E, F, G, H, J, I\, L, Taps. M 1( Mercury manometer. M 2 , Bellows 
manometer. M s , Oil manometer. R, Fine control valve. S, Cx>pper-glass seal. 
Tj, T 2 , Liquid air traps. Vj, Sorption vessel. V 2 , V 8 , V 4 , Storage vessels (i$l., 
500 cm. 3 and 2 1 . respectively). W, Black wax joint. 

from a cylinder was introduced through a drying train until the pressure in the 
entire ethylene storage system (as measured in the mercury manometer M*) 
was about 10-15 cm. Hg. It was then frozen in the liquid-air trap T t and any 
permanent gases were pumped away. The ethylene was successively evapor¬ 
ated and condensed in order to remove entrapped gases, which were pumped 
off. The drying train was then isolated and the trap immersed in a carbon 
dioxide-methanol mixture. The ethylene evaporated and filled the storage 
vessel ; the flasks V„ and V 4 were then isolated and the residue was pumped 
off after the trap Tj had been raised to room temperature. This procedure was 
repeated before each experiment. 

The rate of entry of the ethylene into the adsorption vessel was controlled 
by a needle valve R, the needle of which was isolated from the atmosphere by 
means of a bellows. 3 A differential bellows manometer 4 M 2 , designed to measure 
pressures up to 15 mm. Hg with £ % accuracy and previously calibrated against 
the oil manometer M 3 , was used to measure the amount of ethylene let into the 
adsorption chamber. The gas in flask V 8 or flask V 4 , according to the adsorption 
expected, was allowed to fill both sides of the manometer and the entire volume 
from tap C to tap L and up to the needle valve (taps B, C, F, L and D and the 
needle valve being shut). Tap E was then closed and the pressure-drop occurring 
when gas was let into the adsorption chamber was determined. 

The adsorption was measured on a McLeod gauge after about 2 hr. had been 
allowed for equilibrium to be established. Before the gas was admitted to the 
adsorption chamber the mercury cut-off was raised and liquid air was placed 
round trap T 2 to prevent the back diffusion of mercury to the surface of the 
cooled powder. 

Errors Due to Thermal Transpiration. —In measuring the adsorption of 
gases on solids many corrections must be made. For the measurement of sur- 

3 To be described in a forthcoming publication. 

4 Kuhn and East, /. Set. Instr,, 1946, 33, 185. 
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face areas most of these are small. The most serious error is that due to 
thermal transpiration. At very low pressures the relation between the pressures 
at the ends of a tube at temperatures 7 \ and T 3 has been shown by Knudsen 
to be 

PdPx = (r,/r,)*. 

This relation is true when 2r/A < 1 (where r is the radius of the tube and A is 
the mean free path of the gas). At higher pressures a dynamic equilibrium is 
set up due to the transfer of gas back along the centre of the tube. This state 
may also be treated theoretically for 2 f/A > io. At a pressure of io ~ 3 mm. the 
mean free path is 32-4 mm. and at io -2 mm. it is 3*24 mm. Thus for the 8 mm. 
tubing used we are in the intermediate range between io~*and io ~ 2 mm. where 
the extent of the transpiration cannot easily be computed. In a theoretical treat¬ 
ment, Weber 5 has given a correction for this range for oxygen and hydrogen 
but not for ethylene. For 8 mm. tubing he predicts a difference of 0*99 X io~* 
mm. at an absolute pressure of io ~ 2 mm. when one end is at room temperature 
and the other is immersed in liquid air ; for 25 mm. tubing the correction is 
0-26 x 10 3 mm. Thus, there should bo a difference of observed pressure 
measured through 8 mm. tubing and through 25 mm. tubing. In actual fact, no 
difference was noticed for ethylene at io ~ 2 mm. pressure, and not until pressures 
of less than 3 X 10“ 8 mm. was any difference greater than experimental error 
found. The effect of this error on surface area measurements is therefore small. 

Errors such as the adsorption of ethylene on the cooled glass and on the 
metal parts of the apparatus were shown to be small from a “ blank " experi¬ 
ment ; thus, when 2 g. of powder was used the error was less than 1 %. The 
same is true of the error due to the reduction in pressure of the gas on cooling 
the traps in liquid air. Applying the appropriate corrections the surface areas 
of the powders relative to each other (for the same method of calculation) should 
be obtained to 3 5 %• 


Results 


Method of Calculation. —The equation put forward by Brunauer, Emmett 
and Teller is 


P _ = 4. C /Z l P" 

V(Po-P) IV c’-Vm'P* 


(1) 


where V is the volume at n.t.p. adsorbed at a pressure p, V m is the volume at 
n.t.p. adsorbed when the entire surface is covered by a unimolecular layer, p . 
is the saturation vapour pressure and 

c e (Ei E j)lttT' 

where E x — Ejj is the difference in the heat of adsorption of the first layer and 
the latent heat of vaporization. 

This equation was used as the basis of the calculation of the surface areas 
of the powders in the first instance, and the calculation was made by their method. 
The area occupied by one molecule of ethylene was taken as 17*55 A 2 , as cal¬ 
culated by Wooten and Brown 6 from the density of solid ethylene. In the 
B.E.T. method of calculation it is necessary to know the adsorption of gas 
only over a range of o*i-o*3 p 0 (28*8 x 10' 3 mm. for ethylene at liquid-air 
temperature), and this was the range used in the earlier experiments. In later 
experiments it was considered desirable to increase this range, however, in order 
to give more reliable data for Harkins method of calculation. Three only of 
the seven isotherms taken were over a range sufficiently large to enable them 
to be used in the calculations given later, although five could be used to give a 
Harkins plot over a reasonable range. The isotherm equation on which the 
Harkins method is based is 

log,,/>/*>„ = A'— Y/V* .( 2 ) 

where p is the equilibrium pressure when a volume V has been adsorbed and 
p 0 is the saturation vapour pressure ; A' and Y are constants for a given gas 
and a given temperature. Harkins plotted log p/p 0 against ijV 2 and deter¬ 
mined X and Y, and showed that the surface area A of a pow r der is given by 

A = k V*. 


6 Weber, Leiden Comm., 1913, 137e, 32. Weber and Onnes, ibid., 1915, 147ft, 2 4- 
6 Wooten and Brown, J. Amer. Chem. Soc., 1943, 65, 113. 
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Fig. 2. 

A, Adsorbent No. 2 degassed at ioo° C. B, Adsorbent No. 2 degassed at 300° 0 
C, Adsorbent No. 1 degassed at ioo°C. 1 >, Adsorbent No. 1 degassed at 300 0 C 



Fig. 3.—B.E.T. plot for isotherms of Fig. 2 (labelled correspondingly). 
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where k is a constant for a particular gas at a given temperature. Knowing 
an absolute value of one surface area, it was possible to calculate any other 
surface area relative to it. Harkins measured one absolute surface 7 using a 
crystalline solid which he covered with a film of water by putting it in contact 
with saturated water vapour. The surface of the water which is very nearly 
equal to that of the solid was then measured by dropping into liquid water and 
measuring the heat evolved when the liquid-vapour interface was destroyed. 

Harkins then proceeded to calculate k at a given temperature for nitrogen, 
water, n-butane, and w-heptane, but not for ethylene. In the present discus¬ 
sion it was therefore necessary to assume that the B.E.T. method of calculation 
gave the correct surface area in one case, to obtain the value of k assuming this 
value, and to use it to calculate the surface areas in other cases by the Harkins 
method. The value of k used for ethylene at liquid-air temperature was 4*25 
and was obtained for the set of results marked with an asterisk in Table I. The 

TABLE I 

Surface Area of Powders calculated from the same Isotherms 
in Different Ways 

Ethylene Isotherms 


Adsorbent 


Insoluble ionic crystallite 
degassed at ioo° C . 

No. 

1 

Insoluble ionic crystallite 

No. 

1 

degassed at 300 0 0 



Insoluble ionic crystallite 

No. 

2 

degassed at ioo° C . 



Insoluble ionic crystallite 

No. 

2 

degassed at 300° C . 

. 



Harkins 
(A ** 4*25) 

(m.8) 

B.E.T. 

(Cross-sectional 
Area of Molecule 
« 17-55 A 3 ) (m. 2 ) 

c 

' 

5 * 2 f» 

5*17 

140 

3 -t6 

I 3* 08 

1 180 

201 * 

20*1 * 

I JO 

20*1 

20-5 

no 


remaining figures in the first column of Table I were calculated by the Harkins 
method, assuming this value of A. The actual isotherms upon which these 
results are based are shown in Fig. 2 and the B.E.T. and Harkins plots in Fig. 
3 and 4 respectively. 

Curve D 



Fig. 4.—Harkins plot for isotherms of Fig. 2 (labelled correspondingly). 
7 Harkins, /. Atner. Chem . Soc., 1944, 66, 1362. 
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Discussion 

It may be noted that there is good agreement between the two methods 
of calculation using the isotherms of the liquid-air temperature adsorption 
of ethylene. It has been shown by Emmett 8 that an approximately 
straight-line Harkins plot is obtained only when the constant c of the 
B.E.T. theory is between 50 and 250. This is true in the present case 
as will be seen, and the above figures afford good confirmation of the 
conclusion of Harkins 1 that the two methods of calculation are in ac¬ 
cord under conditions where only physical adsorption (van der Waals') 
is present. Since Emmett 8 showed that there are apparently some differ¬ 
ences in the area occupied by adsorbed molecules for different values of c, 
the good agreement obtained is apparently fortuitous, and we might 
have had to assume a slightly different value from that given by Wooten 
and Brown for the area of an ethylene molecule to obtain agreement 
between the two methods. 

Comparison between the Two Methods of Calculation. — In all 

the calculations which were performed to estimate the surface areas of 
powders by the B.E.T. method using ethylene adsorption isotherms, 
it was found that straight line plots were usually obtained over the range 
of pip 0 of o*i to 0*3. Above 0-3 and sometimes even below that value, 
the straight-line plot becomes curved. 

In the B.E.T. treatment it is assumed that the heat of adsorption of 
the second to wth layers is the same as the heat of vaporization of the 
adsorbate. This is obviously untrue, since measured heats of adsorption 
are never independent of the quantity adsorbed. Nevertheless, it is a 
good approximation. But in making this assumption, Brunauer, Emmett 
and Teller attempt to describe the shape of the adsorption isotherm 
over the whole range of pressures up to p 0 . From eqn. (1), it might be 
expected that straight-line plots would be obtained over the range pjp 0 
from 0-05 up to i-o (the former limit given by Brunauer since the heat 
of adsorption is rapidly altering during the first half layer). In general, 
this is far from true, and assuming the value of the surface area given 
by the linear portion, it seems that the B.E.T. equation is valid only over 
the range where the latter part of the first and the initial part of the 
second molecular layer is adsorbed ; this is because of the approximate 
nature of the assumption of the equality of the heat of vaporization and 
the heat of adsorption of the second to nth layers. It has been shown by 

Anderson • that if - - - —y?—— is plotted against plp 0 , where K has a 

r ( I 1\ p jp 0 ) 

value of about 0*7 for nitrogen, a straight-line plot is obtained over the 
range of plp 0 from 0*05 to 0*7. He points out that this may be accounted 
for by assuming that the heat of adsorption of the second to higher layers 
is less than the heat of liquefaction by about 50 cal. 

The findings of Anderson were in accordance with observations of 
the adsorption of ethylene, where it was found that the plot of pi(p 0 ~Kp) V 
against plp Q gave a good straight line for plp 0 values from 0-05 to o*8 
and K had a value of about o-6. Three such plots are reproduced in Fig. 5. 

When the Anderson modification is adopted, the equation can be 
used over the major part of the isotherm (0*05 < p/po < o-8). The 
Harkins equation is also applicable for most of the same range (at least 
for 0-3 < pjp o < o-8, when c > 50). Since both equations of state can 
be applied to the same results it is possible to reduce them to identical 
mathematical forms, and thus to obtain a relation between the constants 
of the two equations. Below are given mathematical treatments of 
the two equations showing that they can both be reduced to the form 


P 0 



( 3 ) 


8 Emmett, /. Amer. Chem. Soc., 1946, 68,1784. 9 Anderson, ibid., 1946,68,686. 
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where C and D are constant. There are no contradictory assumptions 
involved in the Harkins theory and the B.E.T. theory, which might 
vitiate such an attempt; one has a thermodynamic approach and the 
other is kinetically derived. There are, however, conditions introduced 
in the treatment given below which restrict the applicability of eqn. (3) 
to a range of plp 0 from about 0-25 to 075. 

Simplification of Harkins and B.E.T. Equations : Harkins Equation. 
Since A — kY 

then F — — fy± 

m k rx , 

where F is a constant, and if V tn is in cm. 3 n.t.p. per g. adsorbent, A in 
m. 2 /g. adsorbent, a is the area (in A 2 ) of the surface of the adsorbent 
occupied by 1 molecule of the adsorbate in a completed monolayer, then 

F = y6gk 
a 

the factor 3*69 being the conversion factor from cm. 3 gas at n.t.p. to m. 2 
of surface. 



Fig. 5.—Anderson plot for ethylene. 

A and C from corresponding isotherms of Fig. 2. 

E from isotherm furnished by K. 1 ). B. Johnson (see Table II). 

Now since the Harkins plot is straight over the middle portion of 
the isotherm, putting 


PIP* = i[i + (p - ip*) lip*] ■ . . (4) 

and assuming that (p — lp 0 ) is small with respect to \p Q , then by eqn. (2), 
log. pip* = 2-303 log pip* --= 2-303A' - 2-303 Y/r* . (5) 

By (4). log. PIP* - log. <J[1 + (p - ip*)Up*]). 

— log. I + log {I + (P - IP*) IIP*} ■ . (6) 

Therefore from (5) and (6) and expanding, 

2-303^ - 2-303 Y/V* = - (log 10 2) + (p- Ip*)/IP* approximately (7) 
Since Y = KJ, jF\ 

substituting in (7) and transforming, we have 

2-303 V^/F'V* = 2-303 (logj 0 2) + 2-303-Y - (p - Ip*)Up* 


2-303 [A' + log,„2 


= [- 


IP * 


2 303. 4 £o(A'i-log 10 2) 
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Since X is positive, the final term in the bracket is small; taking 
the square root of both sides and performing a binomial expansion, 

V m lFV = (X + log,, 2)* [x - P -=JL* . approx. (9) 


This can be reduced to 

plpo ^ C[i - VJVD] .... (10) 

where C — 2*303 H -f l> • - • • (n) 

£>-(// + 0-217)27//*, . . . (12) 

and H = A + log 10 2.(13) 


This treatment is valid over the range where all but the first two terms 
of the logarithmic and binomial expansions may be neglected. When 
has a value between 0*2 and 0-4 the error arising in the value of 1 \V 
is always less than 5 % over a range of p/p 0 from 0*25 to 0*75. Over 
the greater part of this range the error is much smaller and can be regarded 
as negligible compared with experimental errors. 

The Equation of Brunauer, Emmett and Teller. — The equation 
as modified by Anderson may be wiitten as 

1 1 c — 1 x 

rU 1*-it) = iv m + ~T~ ■ T m 

where K is the Anderson constant, and c is the Brunauer constant and 

P iP a ~ x • 

Where c is large, 



Comparison of the Two Derivations.— By comparing eqn. (xo) 
and (14) D might be expected to have a value of unity. Further, the 
Anderson constant K is directly related to the Harkins constant A r by 
the relation 

i/A = 2-3037/+ J, .... (15) 

where H — X 4- 0-3010. 

Having determined X (or II) and assuming that I) is equal to unity, 
it is possible to estimate F — 3-69/1 ija from eqn. (12). Thus, assuming 
for nitrogen that K ^ 0*7, and that the area occupied by a nitrogen 
molecule at liquid-air temperature is 16*2 A 2 (as Brunauer, Emmett and 
Teller calculate) the value of X for nitrogen under these conditions is 
found to be 4*44. The value obtained by Harkins is 4-06. It will be 
seen later that the value of D is not exactly unity, as predicted above by 
the treatment of the B.E.T. equation. It is this which explains the above 
discrepancy. 

Mathematical comparisons of the B.E.T. equation and the Harkins 
equation have been made by Emmett 8 and also by Livingston. 10 The 
former author was concerned with the value of the constant c of the 
B.E.T. equation and the alteration in the area occupied by the adsorbed 
molecule for different values of c. Livingston calculated values of the 
surface pressure from the B.E.T. adsorption equation and showed that 
over a wide range the calculated values were in approximate agreement 
with a two-dimensional equation of state ; he has suggested that k is 
not in fact a true constant and has concluded that extremely accurate 

10 Livingston, J. Chem. Physics , 1947, 15, 617. 
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experimental work would be required for an assessment of which equation 
is the more nearly correct. 

The derivations of eqn. (10) and (14) are valid for the same range of 
c values as Livingston and Emmett showed to be applicable to the 
simultaneous validity of the Harkins and the B.E.T. equations. Eqn. 
(14) has been derived from the Anderson modified B.E.T. equation, the 
validity of which rests on firm experimental grounds, but which has 
received no theoretical justification as yet. Dole 11 derived an equation 
on a statistical model which is similar to the Anderson equation, by 
assuming the heat of vaporization of the second to wth layers to be equal, 
but different from that of the heat of liquefaction. 

It will be noticed that if the B.E.T. equation gives a reasonable value 
for V m , eqn. (14) is valid over that range of pressure (0*3 < plp Q < 0*75) 
where sufficient gas has been adsorbed to complete at least a monolayer. 
Brunauer, Emmett and Teller do not make any assumption as to whether 
a given layer has been completed before adsorption in a further layer is 
commenced, but if the heat of adsorption of the first layer is large com¬ 
pared with that in the second to nth layers (i.e. c is large), it would be 
reasonable to suppose that the greater part of the first layer is complete 
before any further layers begin to be formed. If one assumes that the 
second to nth layers are adsorbed on top of an initially completed first 
layer, then one may derive -an equation describing the adsorption of gas 
after the completion of a monolayer. 

Transforming eqn. (14), 


or 


Vjv - i - Kx, 

JI7 

v m 1 - kx 


(16) 


Now V -• V m is the amount of gas adsorbed after the completion of 
a monolayer, and may be set equal to V x . 

Hence V z •=■ 1 KX . . . . (17) 

X __ }\x 


Eqn. (17) has been derived by Dole (his eqn. (io)) on the assumption 
that the partition function in the liquid state is a certain fraction I\ 
of the pure liquid state partition function (for an infinite number of 
adsorption layers). Thus, to a first approximation at least, it appears 
that all layers except the first have the same partition function, which 
is different from that in the liquid state by an amount given by the 
Anderson constant K, equal to the ratio of the partition function in these 
layers and in the liquid state. This statement is true only when the 
heat of vaporization of the first layer is much larger than that of the 
remaining layers (i.e. c is large) but under such conditions adsorption 
seems to occur on top of an initially adsorbed first layer, which is only 
slightly affected by wide changes in pressure. This presumably accounts 
for the absence of c from eqn. (10), valid over a pressure range 
(0*3 < PIP 0 < 0-75), where the initially adsorbed layer is substantially 
complete. 

Eqn. (3) also predicts that the plot of pjp Q against i/V should give 
a straight line over the range of p\p „ where the derivation is valid. A 
series of such plots were therefore made using isotherms for which the 
value of the B.E.T. constant c was known to be large (cf. Fig. 6 and 7). 
From each plot 

(i) the value of V Q given by the reciprocal of the intercept on the 
1 IV axis : and 

(ii) the constant D equal to V m IV 0 were evaluated. 


11 Dole, /. Chem. Physics, 1948, 16, 23. 
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For this it was necessary to use the best value of V m . In most cases 
this was the value obtained using the simple B.E.T. eqn. (i). In order 
to increase the scope of the treatment, several isotherms of Harkins, and 
also of Brunauer, Emmett and Teller were included in these calculations. 
Since most of their papers do not give actual experimental results it was 
possible only to interpolate the data used from the graphs given. However, 
for the nitrogen isotherm on anatase it was possible to assume the value 
of V m which was calculated by Harkins 7 using his absolute method of 
determining the surface from the heat of immersion in water of anatase. 
The value obtained by this independent method was in good agreement 
with the nitrogen isotherm measurement using the same powder. For 
the results markedf in Table II, the area of the solid calculated by 
Ilarkins did not agree very closely with the nitrogen isotherm value ; 

TABLE II 

Results of Calculations from the Plot £/£„ against i/V 


Adsorbate 

Adsorbent 

Vm 

(B.E.T.) 
cm.* at 1 
mm. Hg 
press. 

Inter¬ 
cept V 0 
cm. 8 at 1 
mm. Hg 
press. 

D 

Inter- 

T 

Ander¬ 
son 
Con¬ 
stant K 

Harkins 

Con¬ 

stant 

A* 

F 

Harkins 
Con¬ 
stant k 

Ethylene 

at 

Insoluble ionic crystallite 
No. 2 degassed at ioo° C. 

3800 

3850 

0-99 

1-56 

0*64 

O'lft 

0-99 

466 

—195-8° C 

Insoluble ionic crystallite 
No. 3 degassed at 300° C 

35oo 

3782 

0-96 

1*54 

0*63 

0-15 

0-96 

4*75 


Insoluble ionic crystallite 
No. 1 

912 

956 

098 

i-57 

0*64 

o-i6 

0*98 

4-63 


Insoluble ionic crystallite 
No. 4 § 

5000 

5 260 

098 

1*72 

0-58 

0-23 

0-96 

4-60 

Nitrogen 

Anatase 6 

p,ui.- «ii 

N.T.P.) 

3-23 

\CIU.' rtl 

n.t.p.) ; 
3*54 | 

0-91 

Average 

1*49 

0*63 

o-6o 

°-43 

j 0-92 

4*65 

4*03 

at 

(Surface treated Anatase 5 ) 

(2-20)f 

(2*75) | 

(o-8o) 

(1-56) 

(0*58) 

(0-46) 

| (o-8o) 

(3-50) 

“195-8° C 

Fe—Al a O a catalyst 2 

144-0 

147*2 J 

0-98 

1-30 

o-77 

o*35 

j 1-02 

4'57 


Unpromoted Fe 
Catalyst No. 973-I 8 

5-5* 

1 

1 

6-68 ; 

0-83 

1-48 

0*67 

1 

0-41 

0-85 

3-75 

i 

Unpromoted Fe 
Catalyst No. 973-Il t ‘ 

I4'5* 

16-5 

o-88 

1-38 

o-73 

0-38 

0*91 

3‘99 


Single-promoted 
Catalyst No. 954-1 8 

12-8* 

15*4 

o-86 

1*36 

073 

o-37 

o-88 

3*88 


Doubly-promoted 
Catalyst No. 931 8 

46-4* 

5i*o 

0*91 

i*37 

072 

0-38 

o*94 

4*12 


Singly-promoted 
Catalyst No. 930 8 

6-4* 

770 

0-83 

i*5« 

o-6 7 

o*43 

0*85 

3*75 

J 

Average (excluding results in parenthesis) 

l l l l l 

0-70 

1 


i 

4-01 


this latter value was therefore used instead since Harkins himself con¬ 
sidered the water isotherms to be less reliable in these cases. The value 
of V m was calculated from the corresponding area of the solid using the 
value of i6*2 A 2 for the area of a nitrogen molecule. The results for 
nitrogen which arc marked with an asterisk are taken from Emmett and 
Brunauer. 1 * The exact values of V m for these isotherms are not given 
by the authors since at the date of publication they had not put forward 
their theory of multimolecular adsorption. In view of this the value given 
for the point B in the paper f in which the isotherms appeared was taken 


t This is the point B as defined by Brunauer and Emmett. 1 * 
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Fio. 6. 

A, B and C from corresponding isotherms of Fig. 2. 
E from isotherm furnished by K. I>. B. Johnson. 



Fio. 7 

F, Anatase (Harkins 7 ). G, Surface treated anatase (Harkins 7 ). H, Fe—Al,O f 
catalyst (B.E.T. 2 ). J, Unpromoted Fe catalyst No. 973-1 (B.E.T. 12 ). K, 
Unpromoted Fe catalyst No. 973-II (B.E.T. 12 ). L, Singly promoted Fe 
catalyst No. 954-I (B.E.T. 12 ). M, Doubly promoted Fe catalyst No. 931-I 
(B.E.T. 12 ). N, Singly promoted Fe catalyst No. 930 (B^E.T. 12 ). 

For the sake of simplicity only those points on the linear portion of the plots 
are included. 
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as the value of V m . It has been shown by Brunauer, Emmett and Teller 
that this differs from the theoretical value of V m by less than 10 %. 

Having determined the constant D from this value of V m we may 
use it as a criterion of the correspondence of the two equations. If D 
is unity, the Harkins and Anderson equations are in accord. Table II 
shows that whilst D is very close to unity it is significantly different 
from it. 

The constant C of eqn. (3) is equal to the intercept on the plpo axis 
and its reciprocal is equal to the Anderson constant K. It will be seen 
that K has usually a value of about 0*7 but is significantly lower for 
ethylene than it is for nitrogen. A priori one would not expect the 
Anderson constant to be the same for all gases. 

Eqn. (11) and (13) can now be employed to estimate the constant X 
of eqn. (2). This is usually positive and small. 

From eqn. (12), F may be determined and the Harkins constant k 
obtained. It will be noticed that F has a value near unity also, though 
this is purely fortuitous ; if F is assumed to be unity it is possible to 
determine k to about 20 % accuracy simply by assuming a correspond¬ 
ing value of a, the area occupied by the adsorbed molecule. Thus, if we 
assumed Emmett's value of 56-6 and 64 A 2 for w-butane and w-heptane 
respectively, and take F as unity we obtain k as 15*3 and 17*4 respectively. 
The values given by Harkins are 13-6 and 16*9. This method gives only 
an approximate value. For ethylene and nitrogen at liquid-air temper- 
ture, the more exact calculation gives 4-65 and 4*01. The ethylene 
value is a little high by comparison with the value used in Table I. 

Eqn. (3) above does not in itself provide any further information 
than could have been obtained using eqn. (1) and (2), except that it 
shows the relation between the constants which different authors have 
found it necessary to assume. It is, however, possible to utilize eqn. (3) 
as the basis of a simple method for determining surface areas. Assuming 
that the value of D is unity, eqn. (3) may be written 

PIP . = C( 1 - VJV)* .... (18) 

Hence, if one plots plp Q against 1 / V, the intercept on the 1 / V axis is 
equal to i/V m from which the area of the solid may be determined. 
Further, it will be seen from Table II that for a given gas, Anderson's 
K is sensibly constant. If the value of this is known, then in Fig. 8 
the intercept C is known and it is necessary to determine only one experi¬ 
mental point in order to extrapolate back to V m ; for reliable results, 
the point P should be determined in the range of plp 0 between 0-3 and 
0-7. In certain cases this might be a distinct advantage. For a gas 
whose saturation pressure at room temperature is of the order of an 
atmosphere (e.g. sulphur dioxide, or possible carbon tetrachloride, or 
water vapour at a higher temperature) about 5000 mm. 3 gas n.t.p. would 
be adsorbed ( plp 0 about 0*2) by a solid of surface area about 20 m. a . In 
an apparatus of volume, say, 100 cm. 3 this would lead to a drop in pressure 
of about 4 cm. Hg, which could be measured with accuracy using a differ¬ 
ential bellows manometer or possibly a differential oil manometer. Further, 
since it is not necessary to employ a high-vacuum technique, prolonged 
degassing of the absorbent before the adsorbate is introduced into the 
adsorption chamber would be avoided. 

Because (i) D is assumed to be unity, (ii) variations might occur in 
the value of the Anderson constant from adsorbent to adsorbent due to 
different heats of adsorption and (iii) errors will be introduced in the 
extrapolation, the method suggested is probably not accurate to nearer 
than 20 %. Corrections can be made for the above errors but for many 
purposes an accuracy of 20 % is quite near enough. In such cases, and 

* If the Anderson equation is assumed to be true, then eqn. (18) follows 
directly, without any assumption as to the value of D, other than that implicit 
in the Anderson equation. 
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especially when the surface areas of large numbers of samples must be 
estimated, this method would be valuable in view of the simpler experi¬ 
mental technique. The method should be applied with caution, as it is 
only applicable to the determination of areas of simpler or related ad¬ 
sorbents for which c is known to be large and k approximately constant. 



Finally, it will be noticed from Fig. 6 and 7 that a straight-line plot 
is obtained over the range plp 0 from about 0-3 to 0-7. This is as pre¬ 
dicted from the treatment of the Harkins equation given above, although 
the derivation of eqn. (14) (from the B.E.T. theory) does not assume 
any upper limit. It is often stated that the Harkins method has the 
merit that it is unnecessary to assume any value for the area of the 
adsorbed molecule. It will be seen, however] that k is equal to Fa I 3*69; 
since F may be uniquely determined without any assumption as to the 
value of F or a, implicit in a given value for the Harkins constant is an 
assumption of the area occupied by a single molecule. 

My thanks are due to Mr. I). L. Chapman, F.R.S., of Jesus College, 
Oxford for his helpfulness in discussion and to the Ministry of Supply 
for permission to publish this paper. 

Jesus College, 

Oxford . 


REVIEWS OF BOOKS 

Advances in Electronics. Vol. I. By I,. Makton (Academic Press Inc., 
N.Y., 1948). Pp. xi -f 475. Price $ 9.00. 

Text-books in general serve two very useful purposes. They are an 
essential aid to the student who requires a complete account of the funda¬ 
mentals of his subject. To the research worker they provide a convenient 
means of acquiring detailed information on subjects lying outside his 
own particular field of research but which he may decide have some im¬ 
portant bearing on his own speciality. 
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In his own field the experienced research worker will be familiar with 
original papers in the various scientific periodicals ; but the beginner 
in research wants an up-to-date review of the subject, much more complete 
than is found in the usual text-book. This publication aims at meeting 
this need in Electronics. It is proposed to publish further volumes an¬ 
nually. The editor claims that this series will enable the research worker 
to keep abreast of developments in the various branches of Electronics. 
It must, of course, be recognized that limitations of space will necessitate 
rather long intervals between reviews in any particular branch and it is 
only in a few selected topics each year that information can be really 
up-to-date. For this reason the present reviewer would prefer to con¬ 
sider these publications as an introduction to the literature rather than 
as a means of keeping abreast of developments in Electronics. 

Vol. I is written by ten authors, each a recognized authority in his 
own particular subject. This procedure of joint publication has much 
to commend it; all too often text-books, while being excellent in some 
special branch of the subject, are very inadequate when, as often happens, 
a rather wide field is covered. 

The first contribution is on “ Oxide Coated Cathodes ” by A. S. 
Eisenstein. This is an excellent 62-page report and deals with this 
subject very fully. The modern theories of the emission process are 
well covered and there is a comprehensive list of reference. “ Secondary 
Electron Emission " is dealt with by Iv. G. McKay. In addition to 
secondary emission from metallic surfaces the important problem of 
emission from insulators is also fully discussed. “ Television Pick-up 
Tubes ” is the subject of a valuable contribution by A. Rose. This is 
one of the best sections in this volume and deals with the fundamentals 
of the subject in a very satisfactory manner. The questions of band¬ 
width, signal-to-noisc ratio, and ideal performance are discussed. 

“ The Deflection of Beams of Charged Particles ” by R. G. E. Hutter, 
“ Modern Mass Spectroscopy ” by M. G. Inghram and “ Particle Ac¬ 
celerators ” by M. S. Livingston are all three very excellent reports in 
rather specialized branches of Electronics and the justification for such 
a high degree of specialization undoubtedly lies in the fact that in each 
of these branches progress has been very rapid just recently. “ Cosmic 
Radio Noise ” by S. W. Herbstreit falls into the same category. This 
is a very interesting and clear account of a very new subject. The 
remaining sections are “Ionospheric Research” by A. G. McNish, “Pro¬ 
pagation in the F.M. Broadcast Band ” by K. A. Norton and “ Electronic 
Aids to Navigation ” by J. A. Pierce. In the limited space allocated 
to these three authors it would be impossible to give a complete account 
of the recent progress in such subjects. Better balance in this publication 
would have been achieved had more specialized topics been chosen and 
dealt with in greater detail. 

J. S. 

Metal Rectifiers. By H. K. Heniscii (Oxford, at the Clarendon 
Press, 1949). Pp. xi -f 156. Price 15s. 

There has long been a need for a readable account of the theory and 
practice of dry electrical rectifiers, and this book admirably fulfils this 
need. Until fairly recently the field was a difficult one to survey, since 
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there were many different types of metal rectifier, still more different 
ways of manufacturing them, and an embarrassing number of different 
theories to account for their behaviour. The field has now, however, 
been reduced to some sort of order, and the author is able to confine 
himself to the four types of rectifier at present commercially available 
—cuprous oxide, selenium, magnesium-cupric sulphide and germanium. 
Without going into great practical detail an account is given in fifty 
pages of their manufacture and operating characteristics, and this section 
of the book should be of the greatest use to engineers, physicists and even 
chemists who want to use metal rectifiers. In particular applications, it 
is of importance to know which type of rectifier is most likely to be suit¬ 
able and also to know what is and what is not practically possible. The 
basic principles underlying practical application are simply and ade¬ 
quately stated, and will enable one to read manufacturers’ literature vrith 
the required critical eye. 

The remainder of the book is largely a survey of the surviving modern 
theories of contact rectification. A simplified treatment is used through¬ 
out, and the reader is referred to the original literature for more complete 
accounts. The similar theories of Mott and Schottky seem now to give 
an adequate explanation of all the rectifiers met with in practice, and 
the author gives perhaps too much space to describing other theories ; 
although, as he rightly points out, under sjxxial conditions other theories 
such as Fairweather’s may become applicable. This section of the book 
will be of great interest to scientists concerned in the manufacture or 
development of metal rectifiers. It is easily read since most of the more 
complicated mathematics and quantum mechanics are omitted. 

The book finishes with a chapter on possible future developments in 
rectifiers, the author’s faith in the possibilities of titanium dioxide being 
quite touching. A most valuable bibliography on semi-conductors and 
rectifiers containing over 500 references since 1925 is included, and 
experts in the field will find this bibliography alone well worth the price 
of the book. 

J. T. K. 

Surface Active Agents : Their Chemistry and Technology. By Anthony 
M. Schwartz and James W. Perky. (Interscience Publishers, New 
Yoik and London.) 

This book will be welcomed by the large number of scientists who use 
surface active agents in one \vay or another and the authors are to be 
congratulated on producing the first critical account of a subject whose 
literature consists mainly of patents. The make-up of the book is in¬ 
structive ; the chemistry of synthetic agents occupies 206 pages ; the 
physical chemistry of surface active agents in theory and practice forms 
Part II of the book and receives 149 pages, while a further 120 of Part III 
lists rather superficially a very wide range of practical applications. 
These substances now form an important branch of applied preparative 
chemistry and the book should be as welcome to organic chemists as to 
physical. 

The authors suggest that something akin to the Colour Index will 
be needed : the situation is similar in that these materials are sold under 
trade names, but this will not be enough : many agents are mixtures of 
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homologues and isomers and their surface activity is more important 
than their chemical make-up. Where is this information ? The weakness 
is shown up in the second part of the book : the authors have traced their 
way through this complex and confused field with skill and judgment 
but the need for great increase of publication of reliable research is 
apparent. The chief difficulty is probably not desire for secrecy but the 
difficulty of interpreting or even of placing any value upon measurements 
made with anything but rigorously pure single compounds. These are 
very rare. 

It is remarkable that references to B.I.O.S. and C.I.O.S. reports are 
not in evidence : because, I think, that German advances during the 
war, as in some other fields, consisted only of expansion of processes 
known and patented before the war. It is a pity that the authors have 
not given dates to their patent references. The book is to be commended 
highly but it leaves the reviewer with the depressing thought that it seems 
to be easier to produce 300 million pounds of synthetic agents of consider¬ 
able complexity than it is to organize the comparatively small amount of 
fundamental research so obviously needed. 

A. S. C. L. 


Introduction to Statistical Mechanics. By G. S. Rushbrooke. (Oxford 
University Press, 1949.) Pp. 324. Price 21s. 

Since Tolman wrote Statistical Mechanics with Applications to Physics 
and Chemistry in 1926 (just too soon to make use of the new quantum 
mechanics) no elementary book on statistical mechanics has been written 
in English by an expert in the subject. Tolman himself has written two 
magna opera on the subject, but he never again wrote an elementary 
book. The admirable exposition of the subject by Mayer and Mayer 
is considered by many teachers too advanced or too long for students of 
physical chemistry. Other attempts at elementary expositions have 
indeed been perpetrated by authors ready, indeed eager, to write on any 
and every subject, but the less said of these the better. Now at last we 
have an elementary book written by an expert. In this respect the book 
is unique and its publication is an important and welcome event. 

The strategy of the exposition is summarized by the author on page 313: 
” Throughout the past chapters we have looked upon statistical mechanics 
as a bridge, or set of bridges, between mechanics and thermodynamics, 
and we have consciously built these bridges from both ends.” This is 
the author’s taste ; it is not the reviewer’s. The reviewer regards statis¬ 
tical mechanics as something he understands, or thinks he understands ; 
but he regards thermodynamics as something which he can only under¬ 
stand through statistical mechanics. He accordingly has a strong prefer¬ 
ence for deriving thermodynamics from statistical mechanics, that is, for 
one-way traffic across the bridge or bridges. Holding this view, the re¬ 
viewer finds it strange to have to wait until page 174 for a statistical 
derivation of the zeroth law of thermodynamics, namely, that two systems 
in mutual equilibrium have the same temperature. 

The book is based on a course of lectures given by the author. In 
the reviewer’s opinion there is far too much evidence of this on reading 
the book. For example, a digression on how to convert wave-numbers 
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to electron-volts is in order at any time during any lecture ; in a text¬ 
book it should occur either in a preamble or in an appendix instead of 
in chapter 8. Again, there are far too many footnotes concerning points 
which have obviously been omitted from the text by accident, not design. 
The indication of some formulae by a dashed number out of the normal 
sequence is irritating. 

On page 33 the contrast between Einstein’s and Debye’s curves is 
deceptive. These should be compared at values of the characteristic 
frequencies giving the best possible superposition instead of at equal 
values. It would then be seen that the discrepancy between the two 
curves is appreciable only at the lowest temperatures. 

In reading the book hurriedly the only non-trivial misprints noticed 
were the following :— 

p. 173. The unnumbered formula between (15) and (16). A factor 
— T on the left or — T~ l on the right has been omitted, 
p. 260. Last line of footnote : (30) should be (20). 

These are all small defects which can easily be removed in a later 
edition, for which the reviewer confidently predicts there will be a demand 
within a few years. He will certainly do his utmost to create this demand. 

E. A. G. 

Colloid Science. Vol. I and II. A. E. Alexander and P. Johnson. 
(Geoffrey Cumberlege, Oxford, at the Clarenden Press, 1949.) Pp. 
xxii -f 837. Price 60s. 

There has long been a need for a broad, modern and authoritative 
treatment of the subject of colloid physics and chemistry from the funda¬ 
mental rather than from the phenomenological viewpoint. Many physical 
chemists and biophysicists have also long cherished the hope that such 
a book would be written at Cambridge. The present two volumes, ap¬ 
propriately named after the Department of Colloid Science at Cambridge, 
will, therefore, be heartily welcomed—and justly praised. The book 
contains 28 chapters which fall into three parts—a historical and general 
survey, experimental methods and their theoretical basis, and the prin¬ 
cipal colloidal systems. It is a great pity, but clearly inevitable, that the 
length of the complete book has necessitated a high price of publication. 
There can be no doubt, however, that there is good value here, but because 
these two volumes are such valuable additions to the literature and will 
have such a large effect on the development of colloid science, it is tempting 
to suggest that the authors and publishers be induced to issue at some 
later date a shorter version at a more moderate price. This new volume 
would then be read with profit by many whose primary interests are not 
in the colloidal field. 

Thus, much of the historical survey of Part I is adequately covered 
in other well-known texts, and much of the material in the chapter on 
the principal advances since 1910 is treated by the authors in greater 
detail in Parts II and III. Similarly, without withholding praise for 
the masterly condensation of the chapter on thermodynamic functions 
and recognizing their purpose in emphasizing the value and power of the 
thermodynamic approach to colloidal problems, it is felt that there are 



REVIEWS OF BOOKS 


896 

quite a few books on thermodynamics which give a clearer and more 
useful presentation. An alternative suggestion is that Part II, which 
is regarded as the most valuable of the three parts, might be bound as a 
separate volume and that this and Part III be priced separately. 

Part II has a chapter on osmotic pressure and membrane phenomena, 
two chapters on sedimentation equilibrium and sedimentation velocity, 
both of which deserve special praise; one on electrophoresis and allied 
phenomena wherein there is an excellent survey of the experimental 
techniques now available. There are also chapters on translational 
and rotational diffusion, viscosity, plastic flow and elasticity, and optical 
X-ray, electron diffraction and other methods ; in each the reader will 
find well-written and clear accounts of the most important aspects. 
The section on the study of the interface is short, being only about 60 
pages, and there has been a tendency to concentrate more on the broader 
and more elementary aspects with a consequent loss in the treatment 
of later developments. 

Part III has chapters on sols, gels and pastes, foams, emulsions, col¬ 
loidal electrolytes, clays and zeolites, proteins, polymers and membranes. 
Such a wide field must, of necessity, be treated in certain parts rather 
sketchily in so small a space as 300 pages, but the authors have selected 
the material with critical minds and mature judgment. Outlines of 
available techniques, the main trends of modern developments and 
selected bibliographies are given in each chapter. It would be difficult to 
select any one chapter for special mention, but few authors, it is suggested, 
could have used the 50 pages devoted to polymers, or the 20 and 30 pages 
to clays and zeolites and proteins to greater advantage. 

However, the true value of this book is in the approach adopted by 
the authors—at last, here is a successful attempt to break away from those 
stereotyped, descriptive and often unco-ordinated treatments normally 
found in books on this subject. 

The authors are to be congratulated on the achievement of writing 
the first book on Colloid Science. 
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'P. 623, Table IV— 

£ In column 3 the type has been displaced. The Table IV should read: 
t TABLE IV.— Osmotic and Activity Coefficients of Sucrose at 25° C 
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p. 715— 

In formula (4.6) the last factor V t in the denominator should be omitted 
so that the formula reads : 
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(4.6) 


P* 724, line 31— 

For capacity read potential drop. 
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PART XI.—A WAVE-MECHANICAL TREATMENT OF THE 
CHANGE WITH DISTORTION OF THE INTERACTION 
ENERGY OF CARBON 2 p„ ORBITALS 
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Fig. i (a ).—Rotation of the carbon 2 pn orbitals in opposite 
senses (w-distortion). 

1 Parr and Crawford, J . Chem. Physics, 1948, 16, 526. 

2 Mulliken and Roothan, Chem. Rev., 1947, 4 L 219. 
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the change in interaction energy occurring when the two carbon 2 pit 
orbitals are rotated relative to one another about two parallel axes 
perpendicular to the C=C bond. In Fig. 1 (a) the rotation of the two 
carbon 2 pn orbitals are in opposite senses, while in Fig. 1 (6) they are 
in the same sense. Both cases will be examined. 



Fig. 1 (b ).—Rotation of the carbon 2 pit orbitals in the same 
sense (g-distortion). 


In the present calculations we have used the H.L.S.P. (Heitler-London- 
Slater-Pauling) approximation in writing down the wave function of the 
two electrons. Thus, if 0 (Ai) is the atomic wave function of electron 1 
of atom A and similarly for electron 2 and atom B, the wave function of 
the two electrons is 

y = *(Ai)*(B2) + *(A2)*(Bi). . . . (I) 

The co-ordinate system that will be used is shown in Fig. 2. In the 
equilibrium position the rr-bond is produced by the “ sideways " overlap 
of the 2 p m orbitals. We will represent the 2 p x atomic orbital by 0 *. 
Then for the undistorted position the wave function is 

V = *.(Ai)*.(B2 ) + *.(A2 )*.(Bi). . . . (2) 



Fig. 2.—The co-ordinate system used. 

Suppose the carbon 2 p atomic orbitals change their orientation in 
the manner shown in Fig. 1 (a) (w-distortion), and are rotated through 
an angle 0, the rotation being in the opposite sense on the two atoms. 
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It is now convenient to represent the carbon 2 p atomic orbitals which 
make an angle p with the perpendicular to the line joining the two carbon 
atoms by the following : 

For atom A, ^r(Ai) = ^(Ai) cos p 4- 0 g (Ai) sin p, . . (3) 

For atom B, ^(Bi) = 0«(Bi) cos p — 0 g (Bi) sin p. 

In using this representation the x and z axes are kept perpendicular to 
and along the line joining the two carbon atoms respectively. The wave 
function of the two electrons in the new electron pair bond is then 

Y u = Mr(Ai) cos P + 0 ,(Ai) sin B2) cos p - ^ g (B2) sin P) 

4- {^*(A2) cos P + 0.(A2) sin P}{*/i t (Bi) cos p — 0 g (Bi) sin P } (4) 

By a similar argument we may write lor the wave function associ¬ 
ated with the distortion shown in Fig. 1(6) (^-distortion) : 

Y g = {^«(Ai) cos P 4- 0 g (Ai) sin j9}{«/r x (B2) cos p 4- ^ g (B2) sin p] 

4 - (WA2) cos p 4- 0 g (A2) sin p}{+ x (Bi) cos p 4- ^ g (Bi) sin p} (5) 
Returning to the energy is now calculated by applying 

WVu - JV^ U .(6) 

from which 

w __ SYuXYjLv&t 

J W u ^dijdvj * * ‘ W 

In order to apply (7) we have to write down the Hamiltonian #?. 
We took this to be 

W = h*l%TrhnVi z Y u 4- h'lSn'mV ,*!P U 

4- e\Z'!R + i/r lt - Z/r A1 - Z/r Ai - Z/r m -Z/r Bt }. 
This makes the assumption that each carbon atom produces a field 
like that of a point charge -4 Ze when the electron which it contributes 
to the bond considered has been removed. This is obviously a drastic 
assumption, since in any given case the carbon atoms will be joined to 
other atoms. However, we are not interested in determining the absolute 
energy of the bond, but only in obtaining an idea of how its energy changes 
during the distortions that we arc considering. Some assumption has 
to be introduced at this stage, since we are dealing with an electron pair 
that would be part of a polyatomic system, and this seems to be the most 
sensible in view of what is required. We are now in a position to solve 
the integrals in the numerator and denominator of (7). The details of 
this are given in the Appendix. 

The energy for small distortions is finally obtained in the form 

W % = W 0 4 - k»(P)* .... (8) 

for the distortion shown in Fig. i(a), and similarly for W g in terms of 
k* when the change of orientation is that shown in Fig. i(b). The results 
of our work are represented, therefore, by expressions for k u and k 9 , the 
force constants of the two distortions. 

The values of k u and k 9 depend on R, the distance between the two 
atoms and Z, the effective charge on the two nuclei. We have made 
calculations for the same case as Parr and Crawford, 1 namely the C=C 
bond in the ethylene molecule. Three values of R have been used : 1*353 A 
the value given by Gallaway and Barker; 8 1*331 A, suggested by 
Thompson ; 4 and an intermediate value of 1*34 A. The value that 
should be used for Z is less certain. Zener 6 suggested that a value of 
about 3*6 is appropriate for the ionized carbon atom, but in order to dis¬ 
cover whether there was a considerable variation of the force constants 

8 Gallaway and Barker, J. Chem. Physics , 1942, 10, 88. 

4 Thompson, Trans. Faraday Soc., 1939, 35, 697. 

5 Zener, Physic. Rev., 1930, 36, 51. 7 
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with Z, we have made calculations with Z varying from 2*74 to 3*97. The 
deduced values of k u , k° and their ratio for the different values of R and Z 
are given in Table I. The most important feature of these results is that 
the wave-mechanical calculations indicate that both k u and k Q are negative. 

TABLE I 


R 

A 

ZR 

Z 

k u 

x io- 11 erg/radtan 8 

kO 

x io- 1 ! erg/radian fi 


i* 33 T 

7 

278 

— 1-459 

— 0*767 

1*90 


8 

3 -i« 

—1740 

- 0*795 

2*20 


9 

3-58 

-1*898 

-0*866 

2*19 


TO 

3*97 

-i '945 

— 0*987 

1*97 

i’ 34 ° 

7 

276 

- 1*431 

-O ’7 59 

1 89 


8 

3 • J 6 

-1*715 

-078O 

2 • 18 


9 

3‘55 

—1-806 

! —0*856 

2* 18 


IO 

3'95 

' 1*913 

- 0*975 

1*97 

i '353 

7 

274 

— 1*393 

-o *747 

1*80 


8 

3*13 

— 1 -<>7 r 

-o *775 1 

2* 16 


9 

3'52 

—1*820 

— 0*841 

j 2*16 


10 

3 ' 9 f 

- i '«75 

— 0*956 

1*96 


In a previous paper Linnett, Heatli and Wheatley 6 made a study of 
the vibration frequencies of ethylene and deuteroethylene. They pointed 
out that it is easier to distort the molecules in an out-of-plane deformation 
than in a corresponding in-plane deformation, with the result that the 
potential energy increases more rapidly with in-plane distortion than 
with out-of-plane distortion. This implies that, in the out-of-plane 
deformation, there is some additional factor (or factors) tending to lower 
the potential energy as the molecules are bent. The present calculations 
show that the change in interaction energy of the two ip x electrons of 
the carbon atoms is one of these factors, since this energy decreases as 
the relative orientation of the two 2 p x orbitals are changed in the manners 
shown in Fig. i(a) and 1(6). Although this result is of considerable 
interest, it should be stressed that the present calculations do not provide 
values of the force constants U\* and used in the paper of Linnett, Heath 
and Wheatley,® since changes in other interactions would have to be 
considered. 

Appendix 

In order to obtain an expression for the change of energy on distortion, it 
is first necessary to substitute values of tp x and \jj t in formula (4) or (5). We 
have assumed that the carbon 2/>7r orbitals are hydrogen-like in character and 
that their wave functions are given by 

t/j x - (Z 6 /y 27 ra 0 & )ir exp (— ar) sin 9 cos <f>, 

*jj g = (2f 5 /32 7ra 0 6 )ir exp (— a r) cos 9 , 
where a — Z/2a 0 . 

The resulting expression for or Wg is then substituted, together with the 
Hamiltonian in formula (7). Expansion of the resulting equations yields : 

w u - U - 0 + [i + Ii,-it XI {J,,+ I xt )PY'{{K, IXX +L MXX -'iZ(G xx +I x J xx )< i 

F /? 2 {2A zzjrx 4A zxgx iL. xxtg 2 l~ J , glX '-\- 2L xgxg 2 K XXXX 2L xxxx 

lZ[G zx G xx 2 1 xxj xx f tzJxx. f xxj **)}] 

- w o + [i 1 

F f$*{2 K xxxx + 4* XT SIX F + s L TXSX + 2L xzxt 2/i xxxx 2 JL xxxx 

— 2 Z(& zi — G xx — Zl XX J xy +/ SX J aMpF/jra?/**)}]■ 

6 Linnett, Heath and Wheatley, Trans . Faraday Soc., 1949, 45. 



P. J. WHEATLEY AND J. W. LINNETT 901 

The symbols G, I , J, K and L and their subscripts refer to the integrals 
listed below. When these integrals are evaluated and the figures substituted in 
the above expressions, the coefficient of /S 2 is k u or k°, the force constant (cf. 
eqn. (8)). 

Integrals 

G„ = J0i(Ai)/r„ t di>j 
=/«( Ai)/r Bl dv, 

I x . — J^,(Ai)^,(Bi) dw, 

- JWAI)^(BI) dr, 

= /^(AiJ^BiJK.d^ 

--- J‘<WAi)<A Jt (Bi)/V Al diij 
AT„„ = //«(AiW(B2)/r It d«r 1 d® 1 
K „ix -= K xxt, = JJ$(Ai)^J(B2)/>' I ,dw 1 di/, 

A **** — A x . x * — /J 2 dwjdt), 

A’.™ = JJ«(Ai),S(B2)/r |1 d« V l», 

- J/0.(Ai)^.(Bi)^,(A2)^ f (B2)/>'„dt- 1 dy 1 

TZIT. — I'tXXt ” //^.(Ai^Bi^Aa^B^J/rj^d*, 

Ax„. -- A.x,x - //WAi)^Bi^.(A2)WBa)A It dw 1 d* i 

I'TTIZ — LttXX “ //^(Ai)^(BT)^(A2)^(B2)A 1J dt. 1 dt; !! 

A,*xx = J/^(Ai)^x(Bi)^(A2)ifr i (B2)/>’ li di; x dr 1 . 

Of these integrals G„, /„, / tJ , A' t „ z and L,„ 2 are to be found in a paper 
of Rosen. 7 G xx , I xx and J xx can readily be derived from a collection of integrals 
given by Coulson. 8 All the K integrals can be found in Bartlett’s paper.® 
There arc a number of inaccuracies in the latter paper, and the solutions had 
to be carefully checked before they were used. Approximate forms of the L 
integrals are also available in this paper of Bartlett, 9 but we preferred to obtain 
the full solutions by the standard method developed by Rosen, 7 rather than 
use these approximate values. The complete expressions for the L integrals 
are given below. 

L tzz»= 1/151*0/?. (a/?) 10 [i47/f(0, 6)-3i 5 //(0, 4)4-252/7(6, 2)-63/7(6, o) 
+ 225/7(4, 4) ~ 675/7(4, 2) 4- 180//(4, o) 4- 837/7(2, 2) - 459/7(2, o) 4- 63/7(0, o) 
294-5(5, 6) 4- 3155(5. 4) ~ 2525(5, 2) + 63S(5, o) 4- 2i7S(3, 6) - 2405(3, 4) 

+ 2135(3, 2) - 545(3, o) - 1895(1, 6) 4- 2255(1, 4) - 2435(1, 2) 4- 635(1, o)]. 

= 1/30240 R . (a/?) 10 [- 147/7(6, 6) 4~42 oH(6, 4) - 126H(6, 2) - 75/7(4,4) 

- 360/7(4, 2) 4- 90/7(4, o) 4- 297/7(2, 2)— 108/7(2, o) 4- 9^/(o, 0)4- 2945(5, 6) 

- 3225(3, 6) + 7o5(j, 6)~ 4205(5, 4) 4 - io5(3, 4) 4 - 8o5(i, 4) + 1265(5, 2) 

- 4025(3, 2) — i865(i, 2) — 1625(3, o) 4- 365(r, o)]. 

£****=1/30240/? . (a/?) l0 [—147/7(6, 6)4-420/7(6, 4)-i26/7(6, 2) —525/7(4, 4) 
4 - 720/7(4, 2) - 90/7(4, o) — 351/7(2, 2) *1- 108/7(2, o) - 9/7(0, o) 4- 2945(5, 6) 

- 3225 (3, 6) 4- 705(1, 6) — 4205(5, 4) 4 - 9io5(3, 4) - 28oS(i, 4) 4 - i26S(5, 2) 

- 6785(3, 2) 4- 2465(1, 2) 4- 905(3, o) - 365(1, 0)]. 

£****=1/60480/? . (oc/?) 10 [ — 294^(6, 6) f 735/7(6, 4) —378/7(6, 2)4-63/7(6, o) 

- 225/7(4, 4) — 585/7(4, 2) 4- 180/7(4, o) 4- 864/7(2, 2) — 405/7(2, o) 4- 45/7(0, o) 

4 - 588S(5, 6) - 5395(3, 6) 4 * 2175(1, 6) - 7355 ( 5 , 4) + 6255 (3, 4) - 2405(1, 4) 

H“ 37 8 5 ( 5 , 2) - 2975(3, 2) - 35(1. 2) - 635(5, o) 4 * 5 * 5 ( 3 , °) 4 - i 85 (i, o)]. 

L X xxx «= 1/120960/? . (a/?) 10 [441/7(6, 6) — 1470/7(6, 4) 4- 630/7(6, 2) 

- 42/7(6, 0)4-1725^(4. 4) —2250/7(4, 2)4-270/7(4, 0)4-945^(2. 2)— 270/7(2, o) 
+ 21/7 (o, o) —8825(5, 6)4-11765(3, 6) —i825(i, 6)4-14705(5, 4) —21205(3, 4) 
4 - 4ioS(i, 4) — 6305(5, 2)4-10325(3, 2) —2585(1, 2)4-425(5, o) — 885(3, o) 
+ 3 o 5 (i, o)]. 

7 Rosen, Physic. Rev., 1931, 38, 2099. 

8 Coulson, Proc. Camh. Phil. Soc., 1941, 38, 210. 

• Bartlett, Physic. Rev., 1941, 37, 507. 
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The H and S functions are simpler integrals defined by 
H(m, n, p) = j^A” exp (— pbJQofiiWi exp (— pA,)dA, 

+ J^A" exp (- pA 1 )0 o (A l )dA l J i V ex P (~ pA,)dA„ 

J oo fXi 

AJ 1 exp ( — /^AJdAj J ^ exp ( — />A a )dA a , 

where p — otR, and £? 0 (A) is the Legendre function of the second kind and is 
given by 

0 .W - i log, (i + A)/(i - A). 

We are indebted to Prof. J. O. Hirschfelder for providing us with a copy 
of Rosen's figures for the H and S integrals. 

We have obtained numerical values for all the fifteen basic integrals with 
values of R equal to 1*331, 1*340 and 1*353 A, and with values of ZR/a 0 equal 
to 7, 8, 9 and 10. In Table II are listed the values of the integrals for R equal 
to 1*353 A. It will be noticed that these values are, in some cases, slightly differ¬ 
ent from those given by Parr and Crawford 10 in a paper that was published after 
this present work was completed. The differences are due to the fact that there 
are no approximations involved in the solution of our integrals. 

TABLE II 


ZRIh 

7 

8 

9 

10 


i 

0*84743 

0*84230 

0*83171 

0*81986 

c xx 

0*65179 

0*67101 

0*68481 

0*69493 

I " 

— 0*26486 

— 0*31869 

— 0*33258 

-0*31893 

Ixx 

0*37017 

0*28695 

0*21857 

0*16396 


—0*38244 

— 0*44221 

-0*45954 

-0*44405 

J XX 

033524 

0*27977 

0*22630 

0*17845 


0*76404 

o*8ro57 1 

0*83863 

0*85184 


0*67881 

0*70937 

0*72931 

0*74115 

L XX XT. 

—0*01604 

— 0*01718 

— 0*01650 

—0*01438 

A xxxx 

0*60180 

0*62864 

0*64865 

0*66377 


0*19630 

0*23194 

0*23457 

0*21043 

I’XKZX 

— 0*09665 

— 0*08658 

— 0*07069 

— 0*05360 

I~XXXZ 

OO5545 

004401 

003245 

0*02249 

Cxxxz 

— 0*11687 

— o*iio8o 

— 0*09168 

— 0*06899 

I~xrxx 

0*11760 

0*07817 

0*04673 

0*02866 

z 

2*737 

3*128 

3*519 

3*910 


The I integrals are dimensionless. All the other integrals are expressed 
in A -1 . a 0 was taken as 0*529 A. 

The K and L integrals were checked by obtaining numerical values with 
the same value of Z for decreasing values of R, when corresponding K and L 
integrals should tend to the same limiting value. As a final check, this limiting 
value was obtained for each pair of K and L integrals by taking R equal to zero, 
when the problem becomes a mononuclear one. 

Since each pair of K and L integrals tended to the same limiting value, and 
since this limiting value was confirmed by independent means, we have every 
reason to believe that the values quoted for the K and L integrals are completely 
accurate. 

We wish to thank Imperial Chemical Industries for providing us with 
a calculating machine, and one of us (P. J. W.) would like to thank the 
Harmsworth Trust for a Senior Scholarship. 

Inorganic Chemistry Laboratory , 

Oxford. 

10 Parr and Crawford, J. Chem. Physics, 1948, 16, 1049. 
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The rate of photochemical interaction between purified hydrogen and chlor¬ 
ine is proportional to the square root of the intensity of the light, in accordance 
with Nernst’s prediction, providing the light intensity and also the chlorine pres¬ 
sure are not too low. The rate is independent of the chlorine pressure (hydrogen 
approximately o-i mm.) when it is greater than about 200 mm., providing the 
intensity is not too low and is rendered uniform throughout the actinometer 
by using light having a small extinction coefficient. 

At low intensities and at chlorine pressures below about 200 mm., the rate 
of reaction becomes proportional to the intensity of the light and to the chlorine 
pressure. It is shown that this change is not caused by removal of the chain 
carriers at the walls of the reaction vessel under these conditions. It appears 
to be due to the presence in the chlorine of a certain kind of inhibitive impurity 
which is not completely destroyed by light and so not removed in the purification 
process to which the chlorine is submitted. The inhibitor is probably derived 
from impurities in the phosphoric acid used to lubricate the taps. 

The Ncrnst hypothesis appears to be a special case of a more complete theory 
in which it is postulated that the chain carriers are removed by inhibitors which 
are not completely destroyed by light. The discussion is limited to the case 
where the removal is mainly of chlorine atoms and the following reactions are 
tentatively suggested : 

Cl + A AC 1 
AC 1 -► A + Cl 
Cl + AC 1 -* A + Cl„ 

where A is an inhibitor molecule. If A = Cl 2 (so that the chlorine molecule 
is itself one kind of inhibitor) and Cl 8 is very unstable the theory leads to the 

required kinetic expression in which ac Jk and independent of the chlor¬ 

ine pressure. If another inhibitor forming a relatively stable compound AC 1 
is present in the chlorine in amounts unaffected by variations in the chlorine 
pressure, it can be shown that chain termination by this inhibitor becomes more 
significant relative to that by Cl 3 as the chlorine pressure or light intensity is 

reduced and leads to the kinetic expression oc /[Cl J. 


Berthoud 1 * * in 1924 and later Chapman 8 pointed out that Nemst's * 
theory of the photochemical interaction of chlorine and hydrogen required 
that the rate of reaction should be proportional to the square root of the 
intensity of the light. This conclusion, however, was directly opposed 
to the experimental evidence at the time, since all reliable investigations 4 
of the influence of the intensity of the light had shown that within the 
limits of experimental error a linear law held. The linear relationship 
appeared to be confirmed by certain subsequent re-investigations 5 6 * add 

1 Berthoud, Helv. chim. Acta, 1924, 7, 324. 

8 Chapman, Trans. Faraday Soc., 1925, 21, 547. 

8 Nernst, Z. Elektrochem., 1916, 22, 62 ; 1918, 24, 335. 

4 E.g. (a) Draper, Phil. Mag., 1843, 23, 401. (b) Bunsen and Roscoe, Phil. 

Trans., 1857, ! 47 > 355- (c) Chapman, J. Chem. Soc., 1924, 125, 1521. 

6 E.g. (a) Komfeld and Mtiller, Z. physik. Chem,, 1925, 117, 242. (b) Allmand 

and Beesley, J. Chem, Soc., 1930, 2693. 
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the discrepancy was the major objection to the unqualified acceptance 
of the theory. 

One possible cause of it was that, in spite of the care usually taken 
to purify the reactants, the gases had not been sufficiently freed from 
impurities to avoid nearly all the chains being terminated by collision of 
either hydrogen atoms, or chlorine atoms, or both, with inhibitor mole¬ 
cules. This explanation was suggested by Berthoud • who had previously 7 
been the first to give a convincing experimental demonstration of the 
occurrence of photochemical reactions in which the rate of change is 
proportional to the square root of intensity of the illumination. It was 
later verified experimentally by Chapman and Gibbs 8 in 1931 after the 
discovery that a square-root relationship held in the otherwise closely 
analogous photo-reaction between bromine and hydrogen. 9 Previously 
it had been assumed by Bodenstein and Lutkemeyer, 10 but not shown 
experimentally, that this photochemical reaction obeyed the square-root 
relationship. 

In investigating the dependence of the reaction velocity on the re¬ 
spective concentrations of the interacting gases it is necessary to eliminate 
two other possible sources of error. Firstly a relatively rapid removal 
of atoms by the walls of the container must be avoided and this was 
accomplished by employing an actinometer of at least 1 litre capacity. 
Secondly, light having a low coefficient of extinction has to be used, in 
order to ensure that there is no appreciable decrease of intensity of illum¬ 
ination of the contents of the actinometer remote from the points of entry 
of the rays as the concentration of the chlorine is increased. The cor¬ 
rection for this effect by computation is not easy but the difficulty can 
be overcome by operating with light which has passed through a long 
column of chlorine at atmospheric pressure. 

It was found at first by Evans 11 that when the purified chlorine and 
hydrogen mixture was illuminated in a large actinometer with light which 
had passed through the column of chlorine, the rate of combination was 
no longer proportional to the square root of the intensity of the light but 
directly proportional to it. The same behaviour, however, was observed 
with white light when its intensity was reduced to such an extent that 
the rate of combination had become as slow as that observed with the 
filtered light. By increasing the intensity of the filtered light sufficiently 
by the use of a more powerful source of light the square-root relation 
was again obeyed. It has since been found that if the chlorine pressure 
is sufficiently reduced the square-root intensity relation again degenerates 
to that of direct proportionality. 

Accordingly, at low intensities of the light or at low concentrations 
of the chlorine the rate of photochemical change is given by klf{[ IIJ, [Cl 2 ]} 
and not by k'Iif{[ H f ], [Cl 2 ]} in which expressions k and k' are constants. 
These changes in the relationship between the intensity of the light and 
the rate of chemical change can be attributed to the breaking of single 
chains cither at the walls of the container or by molecules of a suitable 
inhibitor. 

The first of these causes was unlikely because of the large actino¬ 
meter in use and is shown not to be responsible since the sensitivity of 
a comparatively low pressure of chlorine was not substantially altered 
when it was mixed in the actinometer with carbon dioxide at a pressure 
several times greater than that of the chlorine. Moreover, the reaction 
rate remained directly proportional to the intensity of the light although 
with chlorine alone in the actinometer at the same total pressure and with 

* Berthoud, Helv . chim. Acta., 1924, 7, 324. 

7 Berthoud and Bellenot, ibid., 307. 

8 Chapman and Gibbs, Nature, 1931, 127, 854 - 

9 Briers and Chapman, J. Chem. Soc., 1928, 1802. 

10 Bodenstein and Lutkemeyer, Z . physik. Chem . A , 1925, 114, 208. 

11 Evans, Thesis (Oxford, 1934). 
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light of similar intensity the reaction rate is proportional to a power of 
the intensity near to o*6. The presence of an inhibitor also seemed un¬ 
likely since the samples of chlorine used attained the same maximum sensi¬ 
tivity after purification in various ways. These, however, always involved 
long exposure to the white light of a tungsten filament lamp as the final 
stage and it is shown that an inhibitor can form in the chlorine used by 
the action of light rich in ultraviolet rays. It is probable that although 
most inhibitors are destroyed by the treatment to which the gas is 
subjected, an inhibitor (or mixture of inhibitors) is at the same time formed 
and destroyed by the action of the white light until its concentration 
becomes constant after the attainment of equilibrium. 

The investigation of the kinetics of the change has been conducted 
with mixtures of chlorine and hydrogen which, before exposure to light, 
contained chlorine at pressures varying from about an atmosphere to a 
few millimetres and hydrogen at a pressure of about o-i mm. The rate 
of photochemical change is then almost exactly proportional to the 
pressure of the hydrogen, 1 ® so that when the intensity of the light was high 
and the concentration of the chlorine was not too low the rate of interaction 
was given by the expression £ii[H 2 ]/{[Cl 2 ]}. It has been found, when 
using filtered light, that the rate of interaction is independent of the 
pressure of the chlorine under these conditions ; but when white light 
was used the rate of interaction rose rapidly as the pressure of the chlorine 
was reduced owing to the second source of error mentioned above. 

Experimental 

Apparatus.— This is shown diagrammatically in Fig. 1. The reaction vessel 
P (and also O) was a spherical quartz globe of about 1 litre capacity which 
terminated in a tubulure into which condensible gases could be liquefied. The 


R3 
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12 E.g. Rollefson and Burton, Photochemistry (Prentice-Hall, 1939), P- 327. 

13 Cf. Allmand, Cunliffe and Maddison, J. Chem, Soc., 1925, 127, 822. 
Chapman, and Macmahon, J. Chem. Soc., 1910, 97, 845. Beaven, Thesis 
(Oxford, 1934). 

14 (a) Chapman and Macmahon, J. Chem. Soc., 1910, 97, 845. ( b ) Beaven, 

Thesis (Oxford, 1934). 

15 (a) Chapman and Underhill, J. Chem. Soc., 1913, 103, 496. ( b ) Chapman, 

ibid., 1923, 123, 3062. (e) Chapman and Watkins, ibid., 1933, 743 - 

1# («) Chapman and Underhill, loc. cit. (6) Bodenstein and Dux, Z. physik. 
Chem., 3913, 85, 297. (c) Chapman, loc. cit. {d) Squire and Allmand, J. Chem. 

Soc., 1936, 1869. (e) Potts and Rollefson, J. Amer. Chem. Soc., 1935, 57, 1027. 
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remainder of the apparatus was constructed of soft glass, P being connected 
by means of a graded seal. P 3 , P 2 , P 3 , P 4 , P fi and P e were taps constructed 
and lubricated with phosphoric acid as described by Chapman and Moignard. 17 
Lj, L a , L 3 and L 4 were conventional liquid-air traps and S v S 2 and S 3 mercury 
seals of the constant-level type. The reservoirs R a and R # each of about 500 
ml. capacity were used to store hydrogen and oxygen respectively and the 
McLeod gauge M was calibrated to measure pressures up to about 5 mm. The 
seal S, was always kept closed when the pumps were not in use ; and the U-tube 
Lj was kept surrounded by liquid air whenever P* was open. Before assemblage 
all parts were treated with hot chromic acid, washed and dried. Then, with 
the apparatus evacuated and P and Q outgassed at red heat, cleaning was com¬ 
pleted by passage of silent electric discharges alternately in oxygen and hydrogen 
(using external aluminium electrodes) until the amount of condensible matter 
collecting in L 1 after each discharge fell to a very low value. This procedure 
was repeated whenever air had been admitted to the apparatus. 

Materials.- -Hydrogen was generated in a Kipp’s apparatus from arsenic- 
free zinc and 5-10 % H a S 0 4 and admitted slowly to R a through a heated palladium 
diffusion tube. Oxygen was prepared by cautiously heating dried recrystallized 
potassium permanganate. Freshly prepared gas was allowed to stand some 
time over potash sticks contained in R a , and L ? was surrounded by liquid air 
ior as long as conveniently possible before lowering S 3 to admit any gas into A 
or B. Chlorine was prepared by electrolysis of pure hydrogen cliloride solu¬ 
tion in “inhibitor-free “ water, 18 and also by electrolysis of saturated aqueous 
cupric chloride which had previously been freed from inhibitive impurity by 
boiling under reflux with chlorine for 50 hr. in an all-glass apparatus. Iridium 
electrodes were used and the liberated chlorine was condensed as a liquid in C r 
When sufficient had collected the generator was sealed off at Z and permanent 
gas removed through P 6 . A “ middle “ fraction, collected in C 2 was then intro¬ 
duced at the desired pressure into P through P 4 b}' surrounding C a with a suitable 
refrigerant (see Table III). Carbon Dioxide was prepared by heating an 
intimate mixture of a.r. sodium carbonate and metaphosphoric acid in an evacu¬ 
ated tube connected at Z and the gas collected in C x . After removing traces 
of permanent gas and collecting a “ middle ” fraction in C 2 , a pressure of approx. 
170 mm. CO a was collected in Q by surrounding C a with a mixture of solid and 
liquid toluene. 

Reaction Velocity Measurements . -The chlorine together with any other 
condensible gases contained in it, such as IICl and CO a , was condensed out in 
tubulure P with liquid air, 1 hr. being allowed for completion of the process. 
Meanwhile the leads were thoroughly evacuated. P a was then opened and any 
trace of permanent gas pumped out. Sometimes P was now washed out with 
hydrogen but this step had little influence and was usually omitted. A pressure 
of hydrogen of about o-i mm. was introduced and measured accurately on the 
McLeod gauge after which P 2 was shut and the chlorine evaporated (1 hr.) 
with the laboratory in darkness. The gases were then exposed for a known 
time to one of the standard sources of illumination after which the condensible 
gases including any extra HC 1 formed photochemically were rccondensed. Prom 
the change in hydrogen pressure measured after opening P a the percentage of 
hydrogen 5 which has combined photochemically with the chlorine can be 
calculated. 5 is not a linear measure of the sensitivity for the rate at winch 
hydrogen is consumed is known to be directly proportional to the pressure of 

the hydrogen under the experimental conditions, 1 ® i.c. — — /f[HJ in 

which A is a constant. The K values for the reaction rate recorded in this in¬ 
vestigation are the values of k X 10 3 calculated from this expression, t being 
expressed in minutes and common logarithms used. The measurements of 
the reaction rate were made at the temperature of the laboratory which normally 
varied little from i8° C. Errors due to lluctuation in reaction temperature 
were minor since the temperature coefficient is small; 19 we have found it to 
be only 1*36 per io° C between 7 0 and 30° C for light of high intensity and 1-24 
for light of very low intensity. 

Sources of Illumination used for Measuring Reaction Velocity.— 

The low intensity of light consisted of an aged 100-W lamp operated with gal¬ 
vanometer control at approx. 80 % of its rated voltage. It was placed (with 
the filament about 40 cm. from the centre of P) in a blackened container so that 

17 Chapman and Moignard, /. Chem. Soc., 1939, 1936. 

18 Burgess and Chapman, ibid., 1906, 89, 1399. 

19 Craggs and AUmand, ibid., 1936, 241. 
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the light falling on the actinometer passed through a 7-cm. diam. hole covered 
with an opalescent white plate which transmitted only about i/ioth of the total 
light. In some experiments in which light of very low intensity was used the 
100-W lamp was replaced by a 10-W lamp. The light of high intensity was 
obtained by the use of a 500-W lamp, similarly arranged and controlled. In 
experiments requiring the use of a high intensity of light which is only weakly 
absorbed by the chlorine in the actinometer the opalescent plate was replaced 
by a filter consisting of a glass container 20 cm. long, of which a length of 8 cm. 
contained chlorine. Variation in intensity of illumination was achieved by 
placing a perforated metal screen behind the opalescent plate. This screen 
was calculated by Summers 20 and also shown directly by I>r. C. Hurst to reduce 
the light intensity 3‘62-fold. 


Results 

The Preparation of Chlorine of Maximum Sensitivity. —Chapman and 
Gibbs 8 boiled chlorine with inhibitor-free water in order to purify it. As this 
method has several disadvantages an exhaustive study has been made of other 
possible purification treatments, including (a) fractional distillation, (6) distilla¬ 
tion through a low pressure of oxygen or hydrogen undergoing silent electric 
discharge, (c) heating with oxygen (by surrounding the tubulure P or Q with an 
electric furnace) and (d) prolonged illumination to strong light, e.g. 200-W 
tungsten lamps. The sequence of treatments has been varied and different 
specimens of chlorine have been used. From several hundred experiments 21 
the following conclusions have been drawn. 

(I) Chlorine immediately after preparation is always comparatively in¬ 
sensitive. Unless very great precautions are taken during the preparation 
to avoid contamination, the initial sensitivity may be several hundredfold less 
than the maximum obtainable. 

(II) On purification the sensitivity of the chlorine with light of the standard 
of low intensity rises to a maximum which is always the same (K ~ 20). That 
is, the maximum sensitivity is independent of the initial sensitivity of the 
chlorine and of the method by which the specimen was prepared. 

(lii) The most important stage in the purification of the chlorine is the 
exposure of the gas to strong illumination from tungsten filament lamps and, 
providing sufficient precautions* are taken, the other treatments described were 
unnecessary. 

(1 v) ft is difficult to avoid the introduction of inhibitivo impurities into the 
chlorine during its transference from one part of the apparatus to another and 
consequently mere fractionation of the chlorine does not yield a specimen of 
maximum sensitivity. 

The simplest method of obtaining chlorine of maximum sensitivity is to 
prepare the gas by electrolysis of a strong aqueous solution of cupric chloride 
(as described above) and then expose it to illumination lrom ordinary tungsten 
lamps. However, to purify chlorine in this manner it was necessary' to boil 
the phosphoric acid solution used to prepare the lubricant for the taps for a 
prolonged period with chlorine. The initial sensitivity of the most carefully 
prepared chlorine has been as high as K =-13 and rose to the maximum after 
exposure for about 150 hr. to two 200-W tungsten filament lamps (arranged 
011 opposite sides of the actinometer and with the filaments of each about 23 cm. 
from its centre). After the addition of carbon dioxide to the chlorine, purifica¬ 
tion by prolonged illumination had to be repeated. 

The Influence of Variation in Intensity of Light on the Reaction Velocity 
of Chlorine of Maximum Sensitivity. —Typical results are shown in Tabic I 
which gives values for I\ v K 2 and n in the expression K 1 jK 2 — (/ X /Z 2 ) n at 
different intensities of white light and at different pressures of chlorine. 

Aj and K 2 are respectively the reaction velocities at the intensities and 
1 2 » where / 2 — 7^3*62. and K 2 and n' are the corresponding values with 
a fixed pressure ot CO a of approx. 170 mm. admixed with the chlorine. Table 1 
shows : 

(i) at constant chlorine pressure the value of n increases from about 0*5 
to approximately unity as the intensity of the light is diminished. It is note¬ 
worthy that the same relationship has been observed in other photochemical 

20 Summers, Thesis (Oxford, 1932). 

21 Some of these experiments were performed by Plummer, Thesis (Oxford, 
1935 ). 
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reactions involving the halogens, e.g. the interaction of hydrogen and bromine.** 
Values for n less than 0*5 were not observed (cp. Squire and Allmand 1M ) ; 

(ii) with light of high intensity the value of » increases from about 0*5 to 
approximately unity when the chlorine pressure is reduced from about 200 mm. 
to about 45 mm. ; 

(iii) with light of high intensity the value of n' is the same as that of n at 
the same pressure of chlorine, i.e. the addition of 170 mm. C 0 2 to a low pressure 
of chlorine (45 mm.) at which n is approximately unity does not decrease the 
value of n. 

TABLE I 


Approx 

Chlorine 

Pressure 

ram. 

Intensity ot 
White Light 

Reaction Rate 

Corresponding Reaction Rate 
in Presence of 170 mm. CO* 

A'i 

A* 

» 

Ax' 

AY 

»' 

(>oo 

High * 

598 

201 

0*52 

_ 

__ 

_ 

600 

High j 

3 2 4 

153 

0*58 

280 

133 

°\ 5«5 

2b O 

High 

3 <H 

172 

0*58 

- 

-—• 


170 

High 

363 

159 

0*04 

— 


— 

45 | 

High 

l8l 

517 

0*98 

95*3 

2 57 

1*016 

boo 

Liw 

20-3 

— 


20*2 

7*2 

o*8i 

600 

Very low 

1*48 

0*390 

1*03 



1 


* This light was from a line filament lamp as used in the experiments reported 
in Table II. In this experiment I x jf 2 ----- 8. 


The reduced chlorine pressures were achieved by the use of suitable refriger¬ 
ants (see Table III) surrounding the tubulure of the actinometer. The actual 
pressures quoted are thus only approximate ; especially so in the presence of 
carbon dioxide since this may have affected the partial pressure of the chlorine. 
In the experiment in which n was measured at approx. 45 mm. Cl 2 pressure the 
result was the same whether j£ hr. or 7 hr. was allowed for equilibrium to be 
attained. 

TABLE II 


Experiment 

No. 

Conditions 

1 

K 


« 


Mean Life 
(sec.) 


Disc not rotated f 

Light passed through < 

619 

> 


-1 


35 2 J 

open sector 

577 

1 

► 0*52 



348 \\ 

Disc rotated very f 

196 




0 

6 

349 / 

rapidly \ sectors out \ 

206 

J 


1 

3,7 }| 

One rotation of disc f 
! in 8*5 sec. £ sectors -< 

156 



1 

1 


35 ° J 

1 

out L 

146 



j 



Since n varies with the intensity of the light the value recorded is the mean 
for the two intensities employed. It can readily be shown, however, that for 
a 3*62-fold variation in intensity the difference in « at the two intensities is not 
appreciable except when n lies between o*6 and 0*9. If n is the mean value 
and n x and n t the values at I x and / 2 respectively then when n = 0*82, n x can 
be calculated to be 0-76 and n 2 - o*88. 

The value of n nearest to 0 5 was obtained using light of high intensity from 
a 500-W line filament and was made in connection with a determination "of the 
“ mean duration ” of a reaction chain (see Table II) by the rotating disc method 
as developed by Briers, Chapman and Waters. 23 The disc used measured 15 in. 

22 Boiler, Thesis (Oxford, 1929). 

23 Briers, Chapman and Waters, J. Chew. Soc. t 1926, 562. 
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diam. and was divided equally into sectors by drawing sixteen equally spaced 
diameters and concentric circles, one io} in. and the other 13 in. from the centre. 

Formation of an Inhibitor in Purified Chlorine under the Influence of 
Light Rich in Ultraviolet Rays. —This is shown in Fig. 2, in which curve A is 
lor 600 mm. chlorine and curve B for a mixture of 600 mm. chlorine with approx. 
170 mm. carbon dioxide. The mercury lamp was a 250-W Hanovia model of 
the high-pressure type with a quartz U-shaped arc tube placed normally at a 
distance of 18 cm. from the centre of the actinometer. New arc tubes were in 



Fig. 2.—The formation of an inhibitor in purified chlorine under the influence 
of light rich in ultra-violet rays. 


use at the commencement of each of the series of experiments comprising curves 
A and B. At X the distance of the mercury lamp from the actinometer was 
increased to 25 cm. and at Y decreased to 12 cm. The conclusions from the 
results contained in Fig. 2 and from other experiments are that : 

(1) on exposure to the rays from the mercury lamp the sensitivity of purified 
chlorine falls to a constant value ; 

(li) on rc-exposurc to illumination from tungsten lamps the sensitivity 
rises again to the usual maximum value ; 

(iii) the influence of the mercury lamp apparently diminishes as the tube 
ages but the effect of the lamp appears to be intensified after addition of moisture 
to the chlorine in spite of the tendency of the lamp to age. Thus chlorine of 
maximum sensitivity containing 2 mm. water vapour (the latter prepared in 
the globe Q by heating hydrogen and oxygen) gave, on exposure for 12 hr., a 
5° % greater fall in sensitivity than was previously obtained with the same lamp ; 

(iv) the addition of carbon dioxide has no influence on the general effect of 
the mercury lamp ; 

(v) the ultraviolet rays from the mercury lamp are responsible for the de¬ 
crease in sensitivity since the effect is not observed if these are absorbed in a 
filter of sodium nitrite solution. 

The constant maximum sensitivity obtained after exposure to tungsten 
illumination appears to be independent of the intensity of the light and is not 
significantly influenced by the addition oi 1-2 mm. of either water or hydrogen 
chloride. Some evidence was, however, obtained of a reduction in sensitivity 
of about 10 % on illuminating (with tungsten lamps) the purified gas maintained 
at about 50° C by the passage of hot water over the actinometer. Other cases 
of photochemical equilibria dependent on the wavelength of the light used have 
been reported. 1 * 

The Action of Heat on the Sensitivity of the Chlorine* —The chlorine has 
been heated by surrounding the tubulurc of the actinometer with an electric 
furnace maintained at a maximum temperature of about 8oo° C. Some oxygen 
was always formed by interaction with traces of moisture present in the chlorine 
and derived from the tap lubricant. Because of the solubility of oxygen in 
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liquid chlorine, it was often desirable to evaporate and recondense the chlorine 
in order to reduce the concentration of oxygen to a low value before com¬ 
mencing a sensitivity determination although, of course, under the experimental 
conditions oxygen has no effect on the rate of reaction. 166 Heatings varied in 
duration from a few hours to more than 50 hr. The hydrogen chloride simul¬ 
taneously produced with the oxygen was removed from time to time by pro¬ 
longed vacuum distillation between P and L v these being maintained at the 
temperatures of liquid oxygen and liquid nitrogen respectively. Its removal 
had no effect on the reaction rate. 

When purified chlorine is subjected to heat treatment in P the sensitivity 
falls from 1 \ ~ 20 to a minimum value of K =£= 7. On further heating the sensi¬ 
tivity increases gradually, especially if the hydrogen chloride content is small. 
Removal of hydrogen chloride facilitates the reaction 

2('l 2 + 2H 2 0 -> 2IICI -f O a 

on subsequent heating. After raising the sensitivity to K — 14*2 by prolonged 
heat treatment it was found that after the addition of 1*7 mm. moisture the 
sensitivity was again reduced to K =£= 7 after heating. 

The Influence of Variation in Chlorine Pressure on the Rate of Reaction. 
—This is shown in Fig. 3. The pressure of the purified chlorine was varied by 
surrounding the tubulure of the actinometer with pure liquids maintained at 
their melting point by the presence of crystals of solid. The liquids used and 
the corresponding approximate vapour pressures of chlorine at the melting 



Fig. 3.—The influence of variation in chlorine pressure on the rate of reaction. 

points were as shown in Table III. The specimen of chlorine with which curves 
I and 11 and 111 were obtained was estimated to have a total pressure of about 
880 mm. from the volume of liquid condensed by benzyl chloride and the absence 
of any condensate when bromobenzene was used as refrigerant. In curve 1 
the reaction rate was measured with a high intensity of filtered light, the pres¬ 
sure of chlorine in the 20 cm.-long filter being atmospheric. 

Curves 11 and m differ from curve 1 in that the pressure of chlorine in the 
filter was reduced to o*8 and 0-5 atm. respectively. Curve iv is for another 
'sample of purified chlorine in which the light was passed not only through 
20 cm. chlorine at atmospheric pressure but also through 3 cm. of an approx. 
} saturated solution of chlorine in carbon tetrachloride. 
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The results show that the use of light which is progressively more weakly 
absorbed in the actinometer does not alter the character of the curves and that: 

(i) at pressures of chlorine in the actinometer greater than about 200 mm. 
the reaction rate is independent of the chlorine pressure ; 

(ii) when the chlorine pressure is reduced below about 200 mm. so that n 
is then approx, unity (Table I), the rate of reaction becomes directly propor¬ 
tional to the pressure of the chlorine. 


TABLE III 


Refrigerant 


Approximate 
Chlorine Pressure 
in mm. 


Bromo benzene 
Benzyl chloride. 
Monochlorbenzene 
Benzaldeliyde . 
Chloroform 
Acetic anhydride 
Ethyl acetate 


040 
boo 
450 
2 bo 
170 
90 
45 


The fact that the absorption of light in the actinometer was adequately uni¬ 
form throughout its length at each chlorine pressure has also been confirmed 
by calculations based on the extinction data for chlorine given by von Halban 
and Siodcntop. 24 Furthermore, when white, and hence a relatively' strongly 
absorbed, light was used for measuring the reaction velocity a totally different 
behaviour was observed, there being a pronounced maximum in the reaction 
velocity with reduction in chlorine pressure in this case, as shown in Table IV. 

TABLE IV 


Cl 2 Pressure | 

Reac tion Rate (K value) at Different Intensities of White Light 

(inm.) | 


1 





h 

! /» 

l 

h 

h \ 

/ 5 

-- 

-- ' 

i _ 

\ - 


— 

8 So 

LLV> 

- 

— 

1 


Ooo 

—• 

240 

109 

324 | 

a 53 

45 ° 

1424 

281 

J 2 () 

- 1 


260 


— 


3 <H j 


170 

1 <>So 


— 

3 () 3 

159 

45 




181 1 

1 

1 

51*7 


J j, / 2 * etc. indicate different intensities of white light varied either by vari¬ 
ation in the distance of the lamp from the actinometer or b\' insertion of 
intensity reducing screen. 

From £ to hr. was always allowed for the equilibrium chlorine pressure 
to be set up in the actinometer and the results w'erc not influenced by r whether 
the equilibrium was approached from larger or smaller chlorine pressures. 
Reduction in chlorine pressure by repeated expansion of the contents ol P 
into y (the chlorine transferred to Q being removed to another part of the 
apparatus between expansions) also indicated that there was no marked vari¬ 
ation in the reaction velocity until the chlorine pressure fell below about 220 mm. 

The Influence of Carbon Dioxide on the Rate of Reaction. —Table I 
shows that whilst the addition of 170 intn. carbon dioxide appears to have little 
influence on K Y at low intensities, there is apparently some reduction in h\ 
at the high intensity of light. A preliminary attempt has been made to study 
the influence of carbon dioxide at high intensities of light in more detail by 

24 Von Halban and Siedentopf, Z. physik. Chern., 1922, 103, 71. 
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investigating the influence of variation in chlorine pressure on the reaction rate 
in the presence of a fixed amount of carbon dioxide. Some of the results 
obtained are given in Table V. 


TABLE V 


Experiment No. 

Approx. Pressures in mm. 

Reaction Rate 

K Value 

Chlorine 

Carbon 

Dioxide 

3 <>i\ 

306/ 

364 \ 

365/ 

600 

260 

I 70 

170 

f 339 

1328 
/ 259 
V 2 55 


These preliminary experiments, m which the reduced chlorine pressure was 
obtained by the use of a refrigerant, appear to confirm that carbon dioxide is 
an inhibitor of Class I. By the application of the theory given below for the 
case when the system contains two inhibitors of Class I (Cl 8 and C 0 2 ) and an 
unknown inhibitor of Class II it can be deduced from these results (and with the 
aid of data given in Table 1 ), that CO z is apparently more effective as an inhibitor 
than Cl 2 . 

Discussion 


The results described above suggest that the simple Nernst mechanism 
of mutual chain carrier recombination is probably a special case of a 
more complete theory which appears to account satisfactorily for the 
experimental observations. It can readily be shown that in the Nernst 
theory it is a matter of indifference whether the removal of the chain 
carriers is accomplished in the presence of a hydrogen or chlorine mole¬ 
cule as third body or by the combination of chlorine atoms or hydrogen 
atoms with themselves or with one another. Further discussion of the 
hypotheses is limited to those cases in which the termination of the 
Nernst chains is accomplished solely by the removal of the chlorine atoms 
and any substance or substances which promote this recombination are 
not destroyed. In other words inhibitors such as nitrogen chloride 18 - 26 
which are destroyed by light in the presence of chlorine are assumed to be 
absent and the reaction vessel is assumed to be sufficiently large to minimize 
the influence of the walls. 

Denoting the stable inhibitor by the symbol A, the series of chemical 
changes which take place in the presence of this inhibitor are assumed 
provisionally to be those indicated by the following equations : 


Cl, + hv = Cl -f Cl 
Cl + H 2 - HC1 -j- H 
H 4 Cl, - HC1 + Cl 
A -f Cl — AC1 . 


A Cl - A 4- Cl 


AC1 4- Cl = A 4- Cl, 


from which, in the stationary state, 
d[HCl] _ 
&t ~~ 


2^[C1][H,]. 


(1) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 


(io) 


The rate of formation of hydrogen chloride can therefore be found if 
[Cl] can be expressed as a function of [C1J and of the atoms of A (combined 
And uncombined) present in the reacting mixture. 


26 Norrish, J. Chem. Soc., 1925, 2316. 
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Letting [a] = [A] + [AC 1 ], 

then we can deduce that 


M[Cl,j = 


2A 4 *,[a][Cl]» 


*.)[«]’ 


• (11) 


This equation leads to a simple expression for the rate of formation of 
hydrogen chloride (eqn. (10)) if k s is either large or small in comparison 
with k t + k t , i.e. according as the inhibitor forms a relatively unstable 
or stable compound AC 1 . 

Case I.—A, large in comparison with k t + A , (i.e. AC 1 very unstable). 
In this case 


[Cl] - 


WPJ 

2A 4 A,[a] 


and an inhibitor of this class therefore leads to an expression, 


®ja cc /*. 


(12) 


If we assume that Cl 2 can take the place of A and that Cl 3 is very unstable 
eqn. (12) becomes 


Cl > ' J'i 


const, x /** 


This expression is in agreement with the experimental observation that 
the rate of formation of hydrogen chloride is independent of the concentra¬ 
tion of the chlorine molecules when it is proportional to the square root 
of the light intensity. It will be observed that this special case of k 6 
being large implies that the chlorine atoms are removed by reaction (6) 
closely following reaction (4). In the limit this is the Ncmst mechanism 
modified to include a molecule A as third body viz. : 


Cl 4- Cl 4- A -- Cl 2 4 - A. 


Case II.— k & small in comparison with 4- (i.e. AC 1 a stable 

compound). In this case the theory demands that the concentration of 
the chlorine atoms should be proportional to the intensity of the light 
and to the concentration of the chlorine molecules, and inversely pro¬ 
portional to [a]. This conclusion can be verified by assuming that the 
chlorine atoms are removed in accordance with the reactions : 


A 4- Cl ---- AC 1 . . . . (4) 

ACT 4- Cl - A 4 - Cl*.(6) 

We can then deduce that 


vrci,] 


(*;+*.) [ci] 


(13) 


which is identical with eqn. (11) when k t is zero. 

For the photochemical reaction between hydrogen and chlorine no 
inhibitor of Class II has been discovered so far as we know, but the ex¬ 


perimental evidence given above suggests that an inhibitor of this kind 
does exist. Moreover, for the reaction between bromine and hydrogen 
a compound is known which displays the required characteristics. Thus 
Boiler a * has discovered that nitric oxide is a powerful inhibitor of the 
photochemical reaction between bromine and hydrogen, that it is not 
removed by the action of light, and when present in small quantities 
causes the photochemical reaction of bromine and hydrogen to be directly 
proportional to the intensity of the light. 

The inhibitor of Class II present in the chlorine appears to be derived 
from the tap lubricant. This was prepared from commercial glacial 
phosphoric acid which is a mixture of metaphosphoric acid and sodium 
metaphosphate. In the normal procedure the acid w r as dissolved in water 


46 Rollefson and Eyring, /. Amer. Chew. Soc. t 193 2, 54, 3876. 
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and evaporated until the boiling point of the solution was 360° C. At 
the temperature of the laboratory this lubricant is a soft glassy solid which 
adheres firmly to the ground surface of the bore of tap and effectively 
prevents any leakage. When the tap is warmed the lubricant becomes 
a very viscous liquid, and this permits it to be turned without appreciable 
displacement of the lubricant. The lubricant has the disadvantage 
that concentrating a solution of phosphoric acid until its boiling point 
is 360° C. does not remove the water to a sufficient degree to prevent its 
supporting a very slight pressure of water vapour. This condenses in 
the tubulure of the actinometer whenever the chlorine is condensed within 
it by the application of liquid air so that the contents of the actinometer 
are not completely dry after a series of measurements have been made. 
A method of overcoming this has since been discovered by Wynne. 87 He 
found that the commercial glacial phosphoric acid which is a solid even 
at ioo° C contains as much as 10 % sodium salt but that if this proportion 
is reduced a satisfactory lubricant can be prepared. Pure metaphos- 
phoric acid which has been fused in a gold dish at a high temperature 
so as to make it a powerful desiccating agent is too mobile at the tem¬ 
perature of the laboratory to be of use. But if the metaphosphoric acid 
is mixed with from 3 to 4 % of sodium metaphosphate before being fused 
in the gold dish it furnishes an excellent lubricant which is a glassy solid 
at the temperature of the laboratory and liquid of the right degree of 
viscosity at ioo° C. It is also possible that an acid prepared from pure 
re-crystallized sodium phosphate might not contain other impurities 
which may be present in the commercial acid and may be the actual 
source of the inhibitor. Metaphosphoric acid can be prepared from a 
concentrated solution of sodium metaphosphate by adding concentrated 
hydrochloric acid when sodium chloride is precipitated out. 

If the inhibitor is derived from the water present in the lubricant 
one possibility is that it is an oxide or oxyacid of chlorine formed photo- 
chemically. 13 - 14 Evidence has been given that an inhibitor is formed under 
conditions when chlorine is heated with water vapour. Oxygen and 
hydrochloric acid are formed at the same time, but the inhibitor is not 
oxygen because this gas could be completely removed and also because 
at the low pressure of the hydrogen (o-i mm.) used to test the sensitivity 
it would have had no effect on the rate of photochemical change even if 
its pressure had been equal to that of the hydrogen. 15 

The above theory can readily be extended to include the case when 
the system contains two stable inhibitors. Let the free inhibitors be 
designated by A and B. Then the reactions which terminate the chains 
are : 

A 

AC 1 

B 

BC 1 

In the stationary state : 

o - VrCIJ - 2/v‘ 6 [AC1][C1] - 2* f [BCl][Cl]. 

Putting [a] — [A] -f- [AC 1 ], as before, and [j3] -- [B] 4 - [BC 1 ], and elimin¬ 
ating A, AC 1 , B and BC 1 from the above equations we obtain eqn. {15) 
corresponding to eqn. (11). 


-}- Cl -= AC 1 .... (4) 

AC 1 - A -f- Cl . . . . (3) 

+ Cl — A 4- CL .... (6) 

+ Cl = BO.(7) 

BC 1 - B 4 Cl . . . . (8) 

+ Cl - B 4- CL .... (9) 


VfCL] 


2/eAMici? 

h 4 - (h< 4 - *.)[CT] ^ k 8 4- (*, 4 *.)[CTT 


( 15 ) 


87 Wynne, Thesis (Oxford, 1942). 
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As before, this equation leads to a simple expression for according 

to the class of the inhibitors A and B. 


A AND B BOTH OF CLASS I. 

In this case AC 1 and BC 1 are both very unstable so that k s is large in 
comparison with k 9 , and k 6 large in comparison with k 1 + k 9 , 

whence eqn. (15) can be expressed as 



l W,/[Cij 
Medial + 


(16) 


A — Class I, B —■ Class II. 

In this case AC 1 is very unstable and 


stable compound and k 9 < h 1 


k i ~b whilst BC 1 is a 


Hence eqn. (15) becomes 


K /[Cl, 


2/f 4 ^ 6 j3cj[crj 2 


k, -f A*o 


( 17 ) 


When A — Cl 2 this equation becomes 

, , rri , 2W\var- , 2k 7 k 9 rj)[c\] 
VLU,,== h . + '*t + *7 

This can be expressed in the form : 

/[Cl 2 ] - K[C\?\C\ 2 \ + K'[ff][C lj, . 


(1 7 «) 


(176) 


where A' and K' are constants. The first term, ATC 1 ] 2 [C 1 2 1 is assumed 
to be large in comparison with A’T/TiCl] providing the intensity of the 
light is high and the concentration of the chlorine not too low. Reduction 
in either of these quantities will increase the relative importance of the 
second term so that either at low light intensities or if the chlorine pressure 
is reduced sufficiently, [Cl] becomes proportional to /[Cl*], which is in 
accordance with the experimental observations. 

Although it is practically certain that the presence of carbon dioxide 
has no appreciable effect on the rate of interaction of hydrogen and 
chlorine at low intensities of light, so that it cannot be an inhibitor of 
Class 11 , it appears nevertheless to be true, as described above, that 
carbon dioxide acts like Cl 2 as an inhibitor of Class I. However, the 
experiments concerned were not performed under conditions specially 
devised for testing the question and too much reliance should not be placed 
on the conclusion drawn. In fact the work on this aspect of the reaction 
demands repetition under ideal conditions. 


This investigation was carried out in the Sir Let dine Jenkins Labora- 
tories, Jesus College, Oxford. We are very much indebted to Mr. I). L. 
Chapman, F.R.S., for his constant help and guidance both in the experi¬ 
mental work and in the preparation of this paper. Our thanks are also 
due to the Governing Body of the College for facilities and financial 
support and by one of us (L. A. M.) to the Governors of the Howard 
Leopold Davis Trust, for a Scholarship. 

Jesus College , 

Oxford. 
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THE EFFECT OF TEMPERATURE, pH, AND PRESSURE ON 
HYDROGEN OVERPOTENTIAL IN AQUEOUS, MIXED AND 
METHANOLIC SOLUTIONS 
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The constants of the Tafel equation (tj — a — b log i) at 20° C for a mercury 
electrode in aqueous N/10 HC 1 solution are a = — i*395A 0*002, b = 0*113 
dt o*ooi. These values correspond to overpotential values in the range actually 
measured agreeing to 20 mV with those considered by Frumkin 46 to be the 
most satisfactory obtained in the Karpov Institute. Both the parameter 

a = 2-303— and the heat of activation of the evolution reaction vary with 

temperature. The mean heat of activation in aqueous solution is 21*1 4- 0*3 
kcal./mole. 

The overpotential at a given c.d. decreases continuously as the methanol 
content of the solvent increases. The heat of activation increases to 23*6 ± 0*5 
kcal./mole in 36 mole % methanol and then decreases to 19*7 ± 0 2 kcal. in 
pure methanolic solutions. The pH effect on overpotential at a Hg cathode 
is more pronounced in methanolic than in aqueous solutions in that the region 
in which cty/ 2 )(pH) is constant extends only up to o*i N solutions. The 
cathode potential of a working hydrogen electrode is independent of the partial 
pressure of hydrogen above the solution. The resolution of the anomaly of 
the pH effect at static and dropping electrodes shows that the effect is identical 
at both electrodes. A detailed account of the results cannot be given in terms 
of the theories of the kinetics of the hydrogen evolution reaction so far proposed. 
Qualitatively, however, the results support the view that the rate-determining 
step is the discharge of the solvated proton. 


Some of the important factors governing the kinetics of a reaction are 
the temperature, pressure, concentration of reactant and the medium. 
Reliable studies of the hydrogen evolution reaction at mercury cathodes 
have been carried out under limited conditions m aqueous media *» 2 > 3 » 4 
only in respect of the third of these factors. More extensive information 
is needed before a quantitative theoiv of the kinetics of this electrode re¬ 
action can be attempted. In this paper the effect of the above factors is 
repented, special care having been taken to remove trace impurities which 
are known to vitiate results (cp. fi ). 

Although the effect of pH on hydrogen overpotential in aqueous 
solution has been examined before, 1 * 3 * ®> 7 * 8 an anomaly exists between 
the value of pH) recorded at some mobile and static mercury sur¬ 
faces. 9 This coefficient has been re-examined at the dropping mercury 
electrode. 


1 Levina and Sarinsky, Acta Physicochim 1937, b, 491. 

! [ dem > ibid ’ 1 W. 7 * 4 » 5 - 8 Jofa, ibid., 1939, 10, 903. 

Agar and Llopis, Anal. fis. y quim, 1947, 43 » 1087. 

Azzam, Bockris, Conway, Rosenberg and Parsons (in course of publication). 
Herasymenko, Rec. trav. chim., 1925, 44, 499. 

7 Herasymenko and Slendyk, Z . phystk. Chem. A, 1930, 140. 123. 

8 Bowden, Trans. Faraday Soc., 192S, 24, 473. 

9 Gatty and Spooner, The Electrode Potential Behaviour of Corroding Metals 
in Aqueous Solutions (Oxford, 1938), Appendix 111, 
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Experimental 

(a) Static Mercury Electrode. —The cell is illustrated in Fig. i. The 
entire apparatus was cleaned with cleaning mixture followed by washing over¬ 
night with rapid-streaming water. The system was then rinsed several times 
with conductivity water. To reduce the amount of oxygen in the system to 
a minimum, it was evacuated three times, filling again each time with pure 
hydrogen. All joints and taps were sealed with conductivity water to eliminate 
grease from the system. Conductivity water was refluxed under reduced pres¬ 
sure of hydrogen for 2 hr. and distilled in a stream of hydrogen into the anode 
compartment (conductivity accepted : 3-5 x io -7 mho cm.' 1 ). Hydrogen 

chloride, prepared from KOI baked in a stream of H 8 at 550° was passed into 
the solvent after purification by passage through glass helices maintained at 
- So 1 ' 0 . The solution concentration was determined conductimetrically. 



Fig. 1.—Methanol purification system and electrolytic cell. 


For anhydrous solutions the apparatus was dried by rinsing with redistilled 
ethanol followed by sodium-dried ether. Joints and taps were sealed with 
purified methanol. 90-5 % acetone-free methanol was prepared from a.r. 
methanol by the method of Bates, Mullaly and Hartley 10 and was allowed 
to stand over m-phenylene diamine for a week, 11 after which it was intioduced 
into the final purification system (Fig. 1). I his consisted cf a set of four dis¬ 
tillation sections connected directly to the cell. Using this system the methanol 
could be distilled in a current of H s from the w-phcnylcne diamine onto mag¬ 
nesium methoxide 12 (prepared in situ) with w r hich the methanol w r as refluxed 
for 30 min. The dry methanol was distilled first into the third flask and then 
redistilled twice in hydrogen, finally into the anode compartment. The first 
fraction was neglected and that accepted had a specific conductivity of 14 X io~ 7 
mho cm.“ a (cp. 18 ). This methanol gave a slight pink colour with Schiff’s re¬ 
agent after standing for J hr. in air, but appeared to give less than that prepared 
bv other means.* l4 » 15 

10 Bates, Mullaly and Hartley, /. Chem, Soc., 1923, 123, 401. 

11 Rowe and Phelps, /. Amcr. Chem. Soc., 1924, 46, 2078. 

13 Lund and Bjerrutn, Ber., 1931, 64, 210. 

18 Copley and Hartley, J. Chem. Soc., 1930, 2488. 

11 Szilard, Z. Elektrochem ., 190 b, 12, 3(13. 

16 Pearce and Mortimer, J. Amer. Chem. Soc., 1918, 40, 509. 

1# Levina and Silberfarb, Acta Physicochim., 1936, 4, 275. 

* Levina and Silberfarb 16 do not appear to have obtained ethyl alcohol 
w'hich gave no colour with SchifTs reagent, 
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For the mixed solvents the water-still and the methanol purification system 
were both attached directly to the anode compartment of the cell. In order 
to prepare solvent mixtures of known composition in hydrogen without con¬ 
tact with the outside atmosphere a small glass float was introduced into the 
anode compartment before the apparatus was set up. The floats were calibrated 
with known methanol-water mixtures. Approximately the correct quantity 
of methanol was distilled into the anode compartment, followed by water 
which was distilled in until the float became suspended in the liquid : mixtures 
so prepared were accurate to within about 1 %. 

All solutions were finally purified by electrolysis for about 20 hr. at ro~ 4 
A/cm. 2 using a mercury cathode which was renewed every 4 hr. The measure¬ 
ments were carried out using a fresh cathode surface by varying the c.d. in steps, 
and observing the potential difference (p.d.) between the working electrode and 
a reversible hydrogen electrode in the same solution. Measurements were made 
at room temperature ( i 8°-20° C) unless otherwise stated. A study of experi¬ 
mental technique in the measurement of overpotential will be published later. 5 

The partial pressure of hydrogen above the solution was varied by intro¬ 
ducing purified nitrogen into the hydrogen stream (cp. for the reversible 
electrode 17 ). 

The relation between overpotential and c.d. was studied at constant tem¬ 
perature in the range 0-40° C by immersing the cell to above the level of the 
solution in a water-filled thermostat.* The temperature inside the cell could 
be controlled within ± 0*50° C, in which range the variation of the overpoteiitial 
is less than the normal error of measurement. The bath was cooled to the 
lower temperatures by the addition of solid CO a which was used because of 
the impurities present in commercial ice. The mercury cathode w T as renewed 
between each run at a given temperature. 

(6) The Dropping Mercury Electrode. —The cell used was similar to 
that described by Bockris and Parsons 18 except for modifications to the cathode 
compartment (Fig. 2). A dropping electrode capillary c, internal diam. o*oo<> 
cm., w r as inserted into the stopper and sealed by means of a mercury cup j. 
The auxiliary Pt electrode a and the cup for collecting Hg drops 19 b were fitted 
into the stopper by means of gas-tight sleeves. Mercury which fell to the bottom 
of the cell was kept at a negative potential (to prevent dissolution) by means of 
an auxiliary circuit to e and could be removed by means of a tap /. The effective 
height of the mercury column was varied by means of the reservoir CC (cp. 19) 
in order that the electrode mercury would not be contaminated by contact 
with rubber. The maximum area of the drops was estimated for each over¬ 
potential measurement by collecting a known number of drops in the cup b. 
These could then be drawn into d, washed, dried and weighed. 

The aqueous solutions were prepared as described by Bockris and Parsons 18 
but hydrogen w^as passed through them for 12 hr. before introduction to the 
cell. Methanol w r as first purified by the method of Bates, Mullaly and Hartley, 10 
and then dried as described bv Lund and Bjerrnm. 12 After distilling from 
AgN 0 3 14 the methanol was finally distilled into the solution preparation vessel 
in a stream of hydrogen. Hydrogen was then passed through the solution for 
12 hr. and the HC 1 introduced immediately before the solution was forced into 
the cell. This method of preparing solutions w r as adopted since the measure¬ 
ments could not be extended far below 10” 4 A/cm. a because at this c.d. the 
charging current becomes comparable to the total current. The rigorous de¬ 
oxygenation used for the w'ork using static electrodes is therefore unnecessary 
here. 

The cathode capillary was not filled with mercury when the solution was 
forced into the cell. The Pt electrode a was polarized cathodically at a c.d. 
of to~ 2 A/cm. 2 and the solution pre-electrolyzed for 12-16 hr. with hydrogen 
bubbling in all three compartments. The Pt electrode was then raised above 
the level of the solution (without opening the external circuit) and the cathode 
capillary filled with mercury. 

The dropping mercury electrode was polarized using a circuit with a high 
series resistance to ensure a constant current. The mean potential difference 

17 Romann and Chang, Bull. Soc. Chim., 1932, 51, 932. 

18 Bockris and Parsons, Trans. Faraday Soc., 1948, 44, 8(x>. 

19 Kolthoff and Lingane, Polarographv (Intcrscicnce, New' York, 1946). 

* Some trouble in the early stages of the work due to leakage currents through 
the bath was successfully overcome ; the results presented here are in good 
agreement with those obtained later using an air thermostat. 
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between the dropping electrode and a reversible hydrogen electrode was measured 
using a Cambridge potentiometer. 



Fig. 2. —Cathode compartment showing dropping mercury electrode. 

In order to allow free dropping, the cathode was about 1 cm. from the Luggin 20 
capillary. Correction for the ohmic overpotential was made * using the formula, 

*.«. -- - r„) .(J) 

where t 0 is the radius of the drop, d is the distance between the drop and the 
Luggin capillary, t is the current density and k the specific conductivity of the 
solution. This equation was derived by assuming that the current lines are 
radically symmetrical over half of the dropping electrode and may be neglected 
over the other half.| 


Results 

Stationary Cathode 

Effect of Solvent. —Hydrogen overpotential ar a stationary mercury 
cathode was measured in o-i N solutions of hydrogen chloride in methanol, 
water and a series cf six methanol-water mixtures. 

20 Luggin, Z. physik. Chetn. A, 1900, 32, 208. 

21 Azzam, Thesis (London, 1949). 

* The value of the correction exceeded 01 V only for the 001 N methanolic 
solution at 5 x io~ 8 A/cm. 2 . 

t See the discussion of the correction of ohmic errors in overpotential 
measurements by Azzam. 21 
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(a) The effect of solvent on the Tafel line (Fig. 3).—It can be seen 
that the overpotential is decreased by the addition of the non-aqueous com¬ 
ponent. Also the slope b oi the Tafel line decreases on addition of methanol. 



Fig. 3.— Hydrogen overpotential at a mercury cathode in o*iN IIC 1 solutions in 
methanol-wat er nnxt 11 res.* 

Solvent : 1. Pure H s O 4. 36 mole % CH 3 OH 7. 95 mole % CH 3 OH 

2. 6 mole % CH 3 OH 5. 56 mole % CH 3 OH 8. Pure CHjOH 

3. 20 mole % CH a OH 6. 84 mole % CH a OH 

This is more clearly illustrated m Fig. 4, where a (- 2-303 RT/bF) is plotted 
against solvent composition. Here a increases until the solvent contains about 
30 mole % methanol but on further addition of methanol remains approximately 
constant. 



-log 10 -a 


. * In the graphical representation of all results the probable error 
( Y = 0-075 V!%*/n(n - 1)) 

of each is indicated by the length of the vertical bar of the cross corresponding 
to each experimental measurement. 
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The parameter * * 0 varies in an unexpected way with solvent composition 
(Fig. 4). The probable error of each value is indicated. Hence it can be seen 
that the minimum value of i 0 at intermediate solvent composition is significantly 
different trom the values in the pure solvents which differ only slightly. This 
indicates that the electrode process is more irreversible in the mixed solvent 
than in either of the pure solvents. 

(b) The efi-ect of solvent on overpotential at constant c.d. (Fig. 5). 
—The values of overpotential at io~\ 10 ~ 6 , 10- 1 , io“ 3 and io~ 2 A cm.* 2 are 
plotted against solvent composition in Fig. 5. Each line may be divided into 
three sections : a decrease of overpotential from o to 20 mole % methanol, a 
horizontal part from 20 to 70 or 80 mole %, and a further decrease to 100 mole %. 
At io _# and 10” 6 A cm.” 2 this final decrease of overpotential is accentuated 
and corresponds to the deviations from the Tafel line found in 95 and 100 mole % 
methanol at low c.d. (see later). 


H-o 


-o-s ‘ p 


- 0-6 

4 $ 


I 

" o —— 

I 

-♦- 
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Mo! fraction Methanol 

O't 0-2 0-5 0-4 05 O-S 0-7 0-8 O -9 


'I 1 
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Fig. 5.—Overpotential at a mercury cathode in methanol-water mixtures. 

Current and \ (1) io~ 2 A/cm. 2 (3) io“ 4 A/cm. 2 (5) 10" 6 A/cm. 2 

density: j (2) 10 * A/cm. 2 (4) 1 o' 5 A/cm. 1 

(r) Comparison with previous work. —No previous results for the over¬ 
potential at a mercury cathode in mixed solvents are available but results of 
a similar form for other high overpotential electrode materials were obtained 
in the high c.d. range by Bockris, 28 and Bockris and Ignatowicz. 24 The values 
of overpotential observed in pure aqueous solution are in good agreement with 
those obtained by other workers using suitable experimental conditions. 1 * 4 
Results for the overpotential at a mercury cathode in pure methanolic solu¬ 
tion were obtained by Novoselski. 26 Over the narrow range of c.d. covered by 
the Russian worker (2 X 10- 6 to 3 X 10” 4 A cm. -2 ) the results are in good 
agreement (± 0*02 V). The higher slope of the Tafel line (0*125) obtained by 
Novoselski may be ascribed to the inclusion of a small ohmic overpotential 
since this worker did not use a Luggin capillary.f 


* The overpotential—log c.d. lino (Tafel line) may be represented by 
V — a — b log i, or ij — 6(log i 0 — log j), where 77 is the overpotential, i che 
current density, and a, b and i 0 are constants for the given line. i 0 is thus the 
cathodic current which would flow at zero overpotential if the mechanism of 
the process remained unchanged. 22 

22 Bockris, Chem. Rev., 1948, 43, 525. 

23 Bockris, Faraday Soc. Discussions, 1947, ! » 95 * 

24 Bockris and Ignatowicz, Trans . Faraday Soc., 1948, 44, 519. 

24 Novoselski, J. Physic Chem. (U.S.S.R.), 1938* * 1 * 369. 

t The potential gradient in o-i N HC 1 in methanol near a cathode surface 
at which the c.d. is 3 x io~ 4 A cm.“ 2 is of the order of 0*03 V cm.” 1 . 
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The results of Bowden and Grew *• may be represented between io~* and 
io~ 7 A cmr* by 

rj = — 1*054 — o*io log i 
and between 5 x io~ 7 and 5 X io~ 5 A cm. 8 by 

* =“ - i -45 - 0*14 log*. 

Neither of these results is in very good agreement with those of the present work. 
It must be noted, however, that Bowden and Grew, using the same apparatus, 
obtained results in aqueous solution corresponding to the equation 
i) — — 1*46 — 0*14 log i 

which is in poor agreement with the corresponding result in the present work 
and also with other work carried out in pure solutions (Levina and Sarinsky, 1 
Jofa, Kabanov, Chistyakav and Kuchinski, 87 Agar and Llopis 4 ). The work 
of Bowden and Grew is also open to the criticism that in methanolic solutions 
an internal Pt anode was used at the higher c.d.'s with no provision for the 
prevention of diffusion of the anode products (particularly Pt which readily dis¬ 
solves anodically in methanolic HC 1 ) to the cathode surface. 

(d) Overpotential in methanol at low c.d.'s. —The deviations from the 
linear tj —log c.d. relation which were observed at c.d.'s between io~* and io~ 6 
A cm.” 2 in the present work * may be compared with the break in the Tafel 
line observed at c.d.’s between io -7 and io“® A cm. 2 by Bowden and Grew. 
These authors suggest that this effect may be due to the participation of both 
the hydroxonium and the methoxonium ion in the proton discharge. Alter¬ 
natively the effect might be due to the presence of aldehyde in the methanol 
which may cause depolarization under such conditions. However, neither 
of these explanations lead readily to the conclusion that the effect is approxi¬ 
mately equally marked in 95 mole 0 / o and too mole °/ 0 methanol but disappears 
altogether in 84 mole % methanol which is the experimental observation. 

The results of the effect of H* concentration in methanolic solution reported 
in this paper show that the dependence of overpotential on pH is more marked 
in methanolic solutions than in aqueous solutions. In aqueous solutions the 
dependence of overpotential on pH in concentrated solutions is ascribed by 
Jofa and Frumkin 88 to the presence of anions in the double layer. Following 
this assumption it would appear that the chloride ion has a greater surface 
activity in methanolic than in aqueous solution. The results of Jofa, Kabanov, 
Chistyakov and Kuchinski 87 in aqueous solutions containing the surface-active 
anions I' and Br' are strikingly similar to those obtained here in 95 and 100 
mole % methanolic solutions. Hence it appears possible that the break in the 
Tafel line may be due to the slow adsorption of chloride ions (cf. Jofa et a/. 27 ). 

Although no definite conclusion can be made as yet as to the cause of this 
effect it may be noted that pre-electrolysis appeared to have no significant 
effect on the overpotential results in this range. Consequently it appears more 
likely that the effect is an intrinsic property of the system rather than a result 
of the presence of impurities. 

Effect of Pressure.— The experiments were carried out by discontinuing 
the bubbling in the reference electrode compartment. (A hydrogen electrode 
in a pure hydrogen-saturated solution will maintain the equilibrium potential 
for many hours. a8 ) The hydrogen in the cathode compartment was then re¬ 
placed by pure nitrogen. During 2 hr. of nitrogen bubbling no change (i.e. 
less than 2 mV) in the potential difference between the cathode and the reference 
electrode was observed. It thus appears that the potential of a working 
hydrogen electrode does not depend on the hydrogen pressure above the 
solution and hence the variation of the overpotential (i.e. the p.d. between a 
working electrode and a reversible electrode in the same solution and in the 
same atmosphere) is due entirely to the variation in the potential of the reversible 
hydrogen electrode. 

Previous work on the effect of pressure on the overpotential at a mercury 
cathode has been confused. Bircher and Harkins 80 in 1923 using a mercurous 

88 Bowden and Grew, Faraday Soc. Discussions, 1947, I, 88. 

27 Jofa, Kabanov, Chistyakov and Kuchinski, Acta Physicochim., 1939# 10 , 

3 * 7 - 28 Jofa and Frumkin, ibid., 1943, 18, 183. 

28 Ellis, J. Amer. Chem. Soc., 1916, 38, 737. 

80 Bircher and Harkins, ibid., 1 923, 45, 2810. 

* The results plotted are the mean values for runs in which the c.d. was in¬ 
creased and those in which it w r as decreased. A hysteresis was observed, the 
extent of wdiich may be seen from the length of the vertical bars at each point. 
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sulphate reference electrode found that the p.d. between this electrode and the 
working electrode was independent of pressure ; Harkins and Adams 81 in 1925# 
however, reporting earlier work of Harkins,** found that the potential between 
a mercury electrode evolving hydrogen and a reversible hydrogen electrode 
was independent of pressure. Thus the results are contradictory though obtained 
by the same worker. The present results show that the cathode potential of a 
mercury electrode evolving hydrogen is independent of the hydrogen pressure. 

The result obtained enables a clear distinction to be made between theories 
of overpotential in which the free energy of activation of the deposition reaction 
is affected by a term proportional to the overpotential and those in which it is 
affected by a term proportional to the cathode potential .** In the former the 
overpotential is independent of hydrogen pressure while in the latter the cathode 
potential is independent of pressure. The present results are in agreement with 
the latter prediction. Theories of the former type, notably that of Eyring, 
Glasstone and Laidler , 33 must therefore be regarded as erroneous. The same 
conclusion must apply to the concept of the structure of the electrode double 
layer implied by these authors . 34 It has been shown that the theory of Eyring, 
Glasstone and Laidler is theoretically improbable 8 *» 35 but the above constitutes 
the first direct experimental proof of its invalidity. 

Effect of Temperature. —The variation of overpotential with temperature 
at a stationary mercury electrode was investigated in ciN HC 1 solutions in 
water, in a 50% w/w methanol water mixture (35 mole % methanol) and in 
pure methanol. 

(a) The effect of temperature on the Tafel line —The values of 
the coefficients a and b in the Tafel equation are summarized in Table I. It 

TABLE I 


Mole fraction! 

Temp. 

°C 

a 

1 

b I 

± Y 

Methanol I 

Volt 

± V i 

j 

volt 

O 

O 

“ 1*455 

0*0075 

0*116 

0*0025 


I I 

- 1440 

0*0035 

0*117 

0*001 I 


20*5 

- 1*395 

0*0019 

0113 

0*001 


3 ° 

- i- 37 () 

00010 

0119 

0*0030 


40 

~ 1‘325 

0*0081 

0*1 14 

0*0026 

0*36 

21 

- i' 35 f > 

0*002 1 

0105 

0*0006 


13*0 

“ 1*313 

0*0026 

0*102 

0*0005 


21*7 

- 1*280 

0*0040 

0*100 

0*0010 


3 r 

— 1*242 

0*0032 

0*100 

0*0009 


4 i 

— 1*222 

0*0024 

0*101 

0*0007 

1*00 

2-2 

- 1*288 

0*00124 

0108 

0*0031 


I 2 

- 124T 

0*00063 

0*106 

0*0014 


20*5 

— 1 *2 lO 

0*00084 

0104 

0*0025 

' 

30 

— 1*201 

0*00031 

0*107 

0*0008 


39*3 

“ 1-175 

0*00019 

0*106 

0*0017 


can be seen that the overpotential decreases by about 0*003 V per degree rise 
in temperature. This value of the temperature coefficient does not appear to 
vary with c.d. The mean value of the temperature coefficient in aqueous and 
50 % w/w methanolie solution is 

— 0*0030 ± 0*0001 V/°C., 

while that in the pure methanolie solution is significantly different 
(brj/'dT) t = 0*0025 ± o*oooi V/°C. 

The observation of the constancy of the temperature coefficient with current 
density is supported by the fact that the coefficient b does not appear to vary 
with temperature. Fisher’s f-test 33 was therefore applied to the experimental 

81 Harkins and Adams, J. Physic. Chetn., 1925, 29, 215. 

32 Harkins, Thesis (Chicago, 1914). 

38 Eyring, Glasstone and Laidler, J. Chem. Physics , 1939, 7» 1053. 

84 Kimball, Glasstone and Giassner, ibid., 1941, 9, 91. 

85 Frumkin, Acta Physicochim., 1940, 12, 481. 

86 Fisher, Statistical Methods for Research Workers (Oliver and Boyd, 1930). 
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results (cp. 87 ). It was found that for all systems investigated the variation 
0 f a ^ with temperature is highly significant. The results were 

then analyzed statistically for the variation of a with temperature. It was found 
that the temperature coefficient of a in the systems investigated was not sig¬ 
nificantly different, the mean value being (2*34 ± 0*19) x io-^O 1 . 

(b) The heat of activation of the electrolytic evolution of hydro¬ 
gen. —The heat of activation A H l at a given overpotential 77 is given by 

Z D In A AH T 

\ 'bT ) tj RT*' . 

or (^), = (cf. Agar.)*' . . . < 3 > 


Hence the heat of activation at the reversible potential is 

Since a has been found to vary with temperature it would be expected from 
(4) that A//} would also vary with temperature. Also since (<b ffbT) t remains 
approximately constant with c.d. (which follows if a is directly proportional 
to the absolute temperature) the quantity (Ttty/dT), — 17 will vary wbth c.d. 
Hence a different value for A//J will be obtained for each temperature and c.d. 
The results are therefore presented as mean values for the region of the measure¬ 
ments. These values are shown in Table II together wbth their statistical 
“ probable errors " which give a measure of the degree of variation of AHJ 
in this region ; they are, of course, considerably larger than the deviations 
resulting from experimental variations. 


TABLE 11 


Solution 

AHj keal. g. -ion- 1 

N/10 HC 1 - H a O .... 

21*1 J. o-(> 

N/10 HCi 36 mole % MeOH . 

23 2 ± 1*0 

N/10 HCI - MeOH 

19 7 ± 0*4 


(c) Comparison with other workers.—No measurements of the tempera¬ 
ture coefficient of hydrogen overpotential have been previously reported for 
the systems investigated here. Bowden 89 tound a to be constant with tempera¬ 
ture for a Hg cathode in N/5 aqueous H 2 S 0 4 . His values of overpotential, 
however, differ considerably from those of the best modern work. 

Jofa and Mikulin 40 found a to be constant with temperature in N/4 aqueous 
H 2 S 0 4 but Jofa and Stepanova 41 observed a decrease in a with rise in tempera¬ 
ture in aqueous N HC 1 . A more complex variation of oc was obtained in more 
concentrated HC 1 solutions. The difference in the effect of temperature on 
a between results in H 2 S 0 4 and in HC 1 solutions may arise from the compara¬ 
tively greater difficulty in removing small quantities of impurities from H 2 S 0 4 . 
An increase of a with temperature has been reported by Koiter and Jampolskaya 48 
for the electro-reduction of oxygen and by Stout 87 for the overpotential of 
azide deposition. 

The few values of heat of activation recorded in the literature are all based 
on measurements of cathode potential with respect to a standard half-cell at 

37 Stout, Trans. Faraday Soc ., 1945, 41, 75. 

38 Agar, Faraday Soc. Discussions , 1947, I, 81. 

38 Bowden, Proc. Roy. Soc. t A, 1929, 126, 107. 

40 Jofa and Mikulin, J. Physic. Chem. ( U.S.S.R.), 1944, l8, 137. 

41 Jofa and Stepanova, ibid., 1945, 19, 125. 

42 Roiter and Jampolskaya, Acta Physicochim., 1937, 7, 247. 

* The symbol AHj refers to the standard heat of activation of the deposition 
reaction at the reversible potential derived from measurements using as a refer¬ 
ence electrode a reversible hydrogen electrode at the same temperature as the 
working cathode. The symbol Ais used when the reference electrode is 
a standard half-cell maintained at a constant temperature. 
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a constant temperature, i.e. A //J 1 . 83 These values are thus connected to the 
true heat of activation by a term containing the tempeiature coefficient of the 
reversible hydrogen potential together with the thermo junction potential which 
is unknown. Jofa and Mikulin, 4 ® however, give values of (bi}fbT) t for a mercury 
cathode in aqueous N/4 H B S 0 4 . With the aid of interpolated values of rj from 
the graph given by these authors Af/J has been found to be 20*7 kcal. g.-ion -1 
which is in good agreement with the value of 211 ± 0*3 kcal. g.-ion -1 found 
here for aqueous o*i N HC 1 . 

The Dropping Electrode 

The Effect of Hydrogen Ion Concentration in Aqueous and Methanolic 
Solution. — (a) The effect of pH on the Tafel line. —Overpotential was 
measured at the dropping mercury electrode in solutions of o-oi, o-i, i*o and 
5-0 N HCl in pure w’ater and pure methanol at c.d/s from io -4 to io -1 A cm. -2 . 



Fir.. 6.—Overpotential at the dropping mercury cathode pH effect in aqueous 

solution. 

□ 5 N HCl x 1 N HCl A o-1 N HCl Q o-oi N HCi 



Fiti. 7.— Overpotential at the dropping mercury cathode pH effect in methanolic 

solution. 

□ 5 N HCl x 1 N HCl A o-i N HCl O o-oi N HCl 

I he results are show n graphically in Fig. b and 7. It can be seen that change 
of H* concentration in aqueous solution from o-oi N to N does not affect the 
overpotential while further increase in concentration causes it to decrease. 
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In methanolic solution the overpotential remains constant only from o*oi 
to o*i N and decreases as the HC 1 concentration increases from o*i N to 5*0 N. 
In spite of this apparently more marked pH effect in methanolic than in aqueous 
solution the change in overpotential between i*o and 5*0 N in the former is 
less than in the latter. This may be due to a trace of water in the 5 N solution 
produced by the esterification reaction which, though occurring very slowly 
in dilute solution, 4 * will become appreciable in 5 N solution. Results at the 
stationary electrode reported above indicate that the presence of water would 
increase the overpotential thus causing the decrease in overpotential between 
1 N and 5 N solutions to be less than would be expected. 

(b) Comparison with previous results. —The only previous investigation of 
the pH effect in pure acid solution at a dropping electrode is that of Herasy- 
menko and Slendyk. 7 This work led to the anomaly referred to above. These 
authors found that the overpotential was independent of pH in concentrated 
solutions but in dilute solutions the overpotential increased with increase of 
pH, the change approaching R 7 /F volts per ten-fold dilution. This is in con¬ 
tradiction to the results obtained by Levina and Sarinsky 1 and by Jofa 8 using 
a static electrode, according to which the overpotential remains constant with 
pH in dilute solution and a variation with pH is first observed in solutions of 
acid concentrations greater than 1 N. 

The results reported here are in good agreement with those obtained at a 
stationary electrode. 1 * 8 Hence it appears that there is no essential difference 
between the pH dependence of overpotential at dropping and stationary 
cathodes in pure solutions and that the anomaly must be due to earlier inade¬ 
quacies in the measurement of overpotential at the dropping electrode. Such 
inadequacies might be of two types : firstly, and more likely, in the purification 
of the solution and secondly, in the measurement of overpotential (e.g. the 
method by which Herasymenko and Slendyk arrive at the i^-log c.d. is not made 
clear). These authors do not mention the corrections necessary for the variation 
of the size of the drops with applied potential which are essential for the accurate 
measurement of a Tafel line under these conditions. 

A Comparison of the Dropping and Stationary Electrodes. —Jofa, 
Kolychev and Shtifman 44 showed by considering the variation of current density 
at constant potential during growth of a drop that the Tafel line obtained and 

2 RT 

the dropping electrode should lie at-— volt (or 34 mV, if a = 0-5) more 


IA 

IB 


2 A 

2B 


Fig. 8 . —Potential at stationary and dropping mercury cathodes, 
o Stationary Cathodes. O Dropping Cathodes. 
ia, ib o*iNHClinH a O 2A, 2B o-iN HC 1 in CH 3 OH 

negative than that obtained at a stationary electrode. The results shown in 
Fig. 8 support this, the difference found here being about 40 mV for both aqueous 

48 Woolcock and Hartley (unpublished work). 

44 Jofa, Kolychev and Shtifman, Acta Physicochim., 1940, 12, 231 ; idem,, 
]. Physic. Chem. (U.S.S.R.), 1940, 14, 58. 





J. O’M. BOCKRIS AND ROGER PARSONS 927 

and methanolic solutions. It may also be noted that a similar difference is 
obtained between the results reported here for the dropping electrode in N 
and 5 N and those reported for the stationary electrode by Jofa and Stepanova. 41 

Discussion 

The agreement between the constants of the Tafel equation for mercury 
in aqueous acid solution reported here and those reported by Russian 
workers 4 * 45 appears to resolve the controversy concerning these values. 
The present values were obtained after many experiments concerned 
with the most satisfactory method of eliminating trace impurities from 
the solution, notably by pre-electrolysis. A detailed report of the in¬ 
vestigations of the experimental conditions required for reliable over¬ 
potential determinations will be published later. 5 

A second important result of the present work is the observation of 

( RT\ 

— 2-303 with temperature. Many 

authors have tacitly assumed in their theoretical discussions of over¬ 
potential that a would remain constant with temperature. The validity 
of the small experimental justification for this has been discussed above. 
Three types of theories have included rational interpretations of a ; the 
(energy level) slow discharge 44 • 47 theory, the slow prototropic tranfer 
theory 38 and the catalytic theories. 48 Essentially two interpretations 
of a are suggested : that it is the ratio of the slopes of the potential energy 
curves of the initial and final states of the system ; that it is the exponential 
in a Freundlich type of isotherm. The solvation energy, the adsorption 
energy and the thickness of the electrode double layer are known to vary 
with temperature and since these factors determine the position and slope 
of the potential energy curves it would appear unlikely that these vari¬ 
ations would cancel out in so far as they affect the relative slopes of the 
potential energy curves at their point of intersection. Since the exponen¬ 
tial of the Freundlich isotherm also varies with temperature a vari¬ 
ation of a with temperature would be expected. Similarly A//J as de¬ 
fined in eqn. (4), would be expected to vary with temperature. 

A theory of the effect of the solvent on hydrogen overpotential w r hen 
this is due to a delay in the atom combination reaction has been developed 
by one of us.* 4 This indicates that the overpotential at a given current 
density would be less in methanolic than in aqueous solution, in agreement 
with the experimental results reported. In mixed solvents containing 
primary alcohols and water, however (e.g. the methyl alcohol—water 
mixtures of the present experiments) the solvent layer theory indicates 
a rise in overpotential which disagrees with the experimental facts for 
mercury cathodes. This evidence therefore strongly supports the view 
that the hydrogen atom combination is a rapid stage in the evolution 
reaction (see also the evidence concerning the concentration of adsorbed 
hydrogen on mercury cathodes in acidic media **). 

Some discussion of the effect of the medium upon the discharge 
stage of the evolution reaction has already 18 been given. According to a 
modification of the energy level type of slow discharge theory discussed 
the variation of the overpotential of a high overpotential metal with change 
of solvent is primarily due to the effect of the solvent on the adsorption 
energy of hydrogen at the reversible electrode. It has been shown that 
for metals such as Ni and Pt, the number of solvent molecules attached 
to the cathode should be similar w r hen the solvent is either methanol 
or water. The area of cathode surface occupied will be somewhat larger 

46 Frumkin, Acta Physicochim T943, i8 t 23. 

44 Horiuti and Polanyi, ibid., 1935, 2, 505. 

47 Butler, Proc. Roy. Soc. A, 1936, 157, 423. 

48 Horiuti and Okamoto, Sci. Pa f. Inst. Phys. Chem. Res. Tokyo, 1936, 29, 
223. 
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in methanolic than aqueous solutions because of the larger size of the 
methanol molecule. The adsorption energy of hydrogen will consequently 
be lowered and the reversible potential will be more negative in methanol 
than in aqueous solution. This conclusion is qualitatively supported 
by the fact that the reversible hydrogen electrode is more negative in 
methanolic than in aqueous solution by about o-i V if measured with 
respect to the electrocapillary maximum (which is an approximation to 
an electrode with zero electrode-solution p.d.). 49 

The lowering of overpotential at a mercury electrode in methanolic 
solution can thus be qualitatively accounted for on the basis of this 
theory. A detailed discussion of the variation in mixed solvents and a 
quantitative interpretation of the solvent effect, however, do not appear 
to be possible at the present time. 

Many thanks are due to Professor H. V. A. Briscoe for his interest in 
this work. One of us (R. P.) wishes to thank the Scholarship Committee 
of the University of London for a Postgraduate Studentship during the 
tenure of which this work w*as carried out. Thanks are also due to the 
administrators of the Dixon Fund of London University for a grant for 
apparatus used in the w'ork. 
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A NOTE ON INTERSTITIAL DIFFUSION 


By R. M. Barker and \Y. Jost 
Received 12th April, 1949 


In zeohtic diffusion described by the general diffusion equation 


bf b r /y d In a dO 
b* cP'L d In c b-rj 


in which each unit diffusion process involves only a single jump from one sorption 
site to the next, it has been shown that the concentration dependance in the 
diffusion coefficient D' and the departure from ideality in the mixture expressed 


. d In a b c 

by — exactly compensate, to give hick s law --- D a . 

' d In c bt b** 

However, existing data show that IY - decreases in some zeolites as 

d In r 

the concentration increases at least for smaller values of concentration. This 
can be so if w-fold as well as single jumps occur in some unit diffusion processes. 
It is further shown, however, that in this event diffusion should begin according 
to the generalized diffusion equation and then tend to Fick s law as the inter¬ 
stitial concentration approaches saturation. 


Barrer and co-workers 1 have observed certain features of diffusion in 
zeolites, for which they advanced an explanation. These characteristics are 

(i) diffusion coefficients in zeolites decrease at least in some crystals 
as the interstitial concentration of sorbate increases ; 

(ii) the rate of sorption tends to become independent of the pressure 
of gaseous sorbate in contact with the crystals as this pressure rises. 

1 Barrer and Ibbitson, Trans. Faraday Soc., 1944, 40, 20O. Barrer and Riley, 
/• Chcm. Soc., 1948, 133. Barrer, Trans. Faraday Soc., 1 941, 37, 590. 
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An interpretation of the first characteristic was given as follows. 
The probability of migration of a sorbed particle is proportional to the 
probability of finding an unoccupied neighbouring sorption site, and this 
is equal to 1 — 0, if 0 is the fraction of available sites occupied by sorbed 
molecules. 2 Consequently, the diffusion coefficient decreases with in¬ 
creasing sorption (D = D 0 (1 — 6)). 

The second feature was explained in terms of the sorption isotherm. 
The intracrystalline sorption is governed by a Langmuir type of isotherm, 3 

p = /«?/(! - 0), .... (1) 

as demonstrated experimentally. Therefore, for sufficiently high pressure 
the crystal will be almost saturated near its surface, and a further increase 
in pressure cannot increase the concentration near the surface, and 
consequently the rate of sorption becomes independent of pressure. 

Interstitial mobility of a sorbato within a zeolite may also be modified 
if all sites are not of the same kind. There is then a tendency for sites 
of highest sorption potential to be occupied first, and for molecules sorbed 
at these sites to be held more firmly. However, this would operate in 
the opposite direction to the factor (1 — 6) in the relation D — D 0 ( 1 — 6), 
and so the explanation of decreasing mobility given in the first paragraph 
is no doubt essentially correct. Nevertheless, it is of interest to extend 
the theory to meet difficulties which emerge when a more detailed analysis 
is made. 

Since the diffusion coefficient in the systems under consideration 
sometimes depends on concentration and since the solution near saturation 
is not ideal, we must use the diffusion equation in its most general forms, 
such as * 

'be b ( d In a bc\ 

Tt ~ ixV dTii7ju/’ • • • ( 2 ) 

if we consider the one-dimensional problem. In (2), c is the concentration 
of the diffusing substance, a its activity, D' is a diffusion coefficient which 
still may depend on concentration, but does not contain factors due to 
non-ideality of the mixture under consideration. If (2) is applied to 
diffusion in the vicinity of the surface of the crystal, near saturation, 
it is seen that by a further increase in pressure the concentration and 
therefore bc!bx cannot be changed considerably in accordance with the 
above explanation of the experiments. But the activity a depends on 
pressure too, and may be increased considerably by an increase of pressure, 
without noticeable change in concentration. Therefore the term 


2 Barrer, ref. t. 

3 E.g. Barrer, Ann. Reports, 19 pp 41, 31. 

* It is usual to write D — 1)' thus transforming eqn. (2) into eqn. (6). 

Eqn. (2) may be derived as follows. The force acting on a single molecule 
and tending to cause diffusion is proportional to the gradient in chemical potential 
bfijbx. The force on all the molecules at a point where their concentration is c 

is proportional to c~^ and the flux through unit area at this point is then 

P — D”c . leading in the usual way to ^ ~ D*c . ™~ 1 . However, 

bx 0 bxj 

bp -*=. RT d In a, and so the diffusion equation becomes 


pc 

It 


b_ 

bx 




_a / 
bx V 


D* . RT 


]l 


pa 

bx 

d In a 
U In 0 
In a 2)c 


pc 


} 


- \d' — . M where D' = D" . RT. 

x ^ d In c ox) 


33 
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d In a/d In c might partly upset the explanation given so far. It can be 
shown, however, that this is not the case. Putting 

D' = D 0 (i - 0 ), .... (3) 

and amp — k0}(i — 0 ) . . . (4) 

(which involves only the assumption of sufficiently ideal behaviour of 
the gas phase) we obtain 

d In a d In a 1 


and so from (2) 


d In 0 d In c (1 — 0)’ 



W' * 


(5) 


This means we are dealing with the interesting case where there are strong 
deviations from ideality of the mixture and from constancy of D', but 
where the final result is identical with that obtained for ideal solution 
and constant diffusion coefficient D. 

Now we have, however, a new difficulty with which the theory must 
be reconciled. The results mentioned in the beginning under (i) indicate 
that for concentrations sufficiently below saturation the equation which 
holds is 



with D decreasing for increasing c. This is in contradiction with eqn. 

(5) . But it is possible to modify the underlying pictuie to give eqn. (6) 
as the limiting case for small concentrations, and eqn. (5) as the limiting 
case for concentrations near saturation. A particle, moving in the 
interstitial channels of a zeolite, may, if once activated, jump over several 
elementary distances of length d, before it is deactivated.* As a first 
approximation a diffusion coefficient, involving «-fold jumps, is obtained : 4 

D n ~ (nd ) 2 . y. (1 0 ) n exp (- EJRT), . . (7) 

where v is of the order of magnitude of the oscillation frequency of a sorbed 
molecule, (1 — 0) n gives the probability of finding a vacant neighbouring 
site n times in succession, and the energy of activation E n may or may 
not depend on n .f Therefore at the point where 0 is the fraction of 
occupied sites one has an effective diffusion coefficient D' given approxi¬ 
mately by the relation : 

D'~ = 1, • (8) 

B=1 n =* 0 

where <f> n is the fraction of occupied sites from which at any instant 
n-fold jumps occur. 

Now, unless E n is increasing strongly with increasing n, it is obvious 
on comparing the relative magnitudes of (nd) 2 x (1 — 0 ) n and d 2 ( 1 — 0 ) 
that for small 0 values of D n with n > 2 may give a considerable contribu¬ 
tion to D f , while for 0 close to 1 only the term with n = 1 will be of im¬ 
portance. Thus (7) and (8) lead exactly to the limiting cases (5) and 

(6) , as required. 

The picture, outlined above for the case of zeolites, might be of value 
for other examples of interstitial diffusion such as that of hydrogen in 
transition metals. 


Chemistry Department, Physikal.-Chem. Institut d. 

Marischal College, Universitdt, Marburg. 

A berdeen. 

* For a derivation of a similar equation for the case of a single jump see 
Barrer , 1 . 

* d is the distance between adjacent sorption sites along the interstitial 
channel. 

f E n is constant for all values of n in a zeolite where all the sorption sites 
have the same sorption potential, in such a homogeneous zeolite E n is then a 
measure of the energy needed to surmount the energy barrier between adjacent 
equilibrium sites. 



THE CHANGE OF ENTROPY, VOLUME AND 
BINDING STATE OF THE ELEMENTS ON MELTING 


By O. Kubaschewski 
Received 4th May , 1949 

It is known from crystallographical considerations that the stability of the 
lattices of the solid elements may be due to metallic, homopolar, or van der 
Waals' binding forces. The structure of the solid elements may be represented 
by the co-ordination numbers, which are a measure of the participation of the 
different bonds maintaining the lattice. One may classify elements into several 
groups : true metals, meta-metals, semi-metals, and non-metals. In the true 
metals, pure metallic bondings are responsible for the stability, in the meta- 
metals and semi-metals an increasing participation of homopolar bonding 
occurs. The physical propeities of the elements, such as electrical conductivity 
and magnetic susceptibility, depend on the binding mechanism. 

It is shown that the molar heat capacity at the melting point C p divided 
by the absolute temperature of fusion T m and the cubic coefficient of expansion 
at the melting point a is also a measure of the bonding mechanism. The ratio 
C p /(T m a) is nearly constant for the true metals and the meta-metals, but is 
much greater and varies within wide limits for the semi-metals, and is generally 
smaller for the non-metals. 

It is concluded from the co-ordination numbers in the liquid state and the 
ratio C p /(J' 1n <x) (liq.) that the semi-metals partially lose their homopolar bonds 
oil melting. This is also evident from the change of entropy and of conductivity 
on melting. The ratio A 5 W /AK,,, is again constant for the true metals and the 
meta-metals, but is much greater or negative for the semi-metals and smaller 
for the non-metals. Combining this result with Clapeyron’s equation a relation 
is found between the lowering of melting point by pressure and the atomic 
volume (AV) : d/>/d 2 ' ~ (AV)/8 1I( , holding true as far as it can be compared 
with experimental measurements. 


The entropy of fusion is the quotient of the heat of fusion divided by 
the absolute melting temperature, L m jT m — A S m . Alternatively entropy 
is a measure of the state of order, and so the entropy of fusion represents 
the difference in the state of order of melt and crystal lattice. Using 
this conception it has been possible to estimate the degree of order of 
alloys from the measured entropies of fusion. 1 It was found that the 
difference between the measured entropy of fusion and that obtained by 
adding the entropies of fusion of the constituents represents a measure 
of the degree of order of the respective alloy at its melting point. 

The entropies of evaporation of many compounds and elements arc 
nearly constant (21*5 cal./deg. ; Trouton-Pictet rule). Divergences are 
observed only with substances whose molecules associate in the gaseous 
state or which vaporize at very low temperatures. 2 In comparison 
the entropies of fusion even of the elements alone show a much greater 
variation, though a certain regularity is perceptible (Richards-Crompton 
rule). According to Tammann 3 the entropies of fusion of metals arc 
scattered about the value of 2*2 cal./deg. 

1 Kubaschewski, Z. Elehtrochem 1941, 47, 475 ; Z. physik. Ghent., 1943. 
192, 292. 

2 Eucken, Lehrbuch der chemischen l 3 hysik, II (Leipzig, 1944), pp. 865-879, 
891-894. 

8 Tammann, Z. physik. Chetn 1913. 85, 273. 

93 i 
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This mean value is much lower than the entropy of evaporation. 
This is due to the greater similarity between the solid and liquid state 
compared with the change from liquid to gas. On the other hand the 
differences in structure between the various solid crystal lattices must 
have a relatively large percentage effect on the entropy of fusion. 

Now the binding mechanism in any aggregate decides its state of 
order. In the elements we have to consider mainly the homopolar and 
the metallic bonds (compensation of electron spins or formation of the 
electron gas) and possibly the dispersion forces. There already exists 
considerable evidence of the binding mechanism of metals (see for instance 
the monographs by Pauling, 4 * 6 Dehlinger fi and Hume-Rothery •). Thus 
the atoms of carbon, silicon and germanium are kept together by homo- 
polar bonds, those of the alkaline earth metals by metallic bonds, and 
the condensed rare gases by dispersion binding. The considerations 
which led to this classification, based on the structure of the crystal 
lattice concerned, takes into account the number of neighbouring atoms 
of any atom in the lattice, i.e. the so-called co-ordination number. 

Structures made up entirely by metallic bonding have high co-ordina¬ 
tion numbers (up to 12) ; homopolar structures have lower numbers 
(e.g. C, Si, Ge : 4). Thus the co-ordination number should give some 
indication of the extent of homopolar binding in the crystal in question. 

In melting a crystal a complete break-up of the lattice occurs, and 
changes in the bonding are expected. The co-ordination numbers of 
several liquid elements obtained by high-temperature X-ray methods 
are known. In Table I the co-ordination numbers (C. No.) in the solid 
and liquid state, the atomic distances (AD) between one atom and its 
nearest neighbour, the change in co-ordination number on melting 
(AC. No. = C. No.114.—C. No.soi.) and the entropies of fusion are tabulated. 

It is perhaps premature to discuss each anomaly in Table I, since 
owing to the difficulties of measurement some of the co-ordination numbers 
may be unreliable. Taken broadly, however, the table gives some sig¬ 
nificant indications. 

Thus the high co-ordination numbers (12 and 8) in the solid state of 
the metals exhibiting metallic bonding do not change on melting, or de¬ 
crease slightly : AC. No. - o to -- 1. This indicates a slight change in 
the binding state on melting. This is borne out by the retention of 
electrical conductivity on melting, with only a slight lowering. 7 The 
entropies of fusion are nearly constant at 1*7 cal./deg. for the alkali 
elements (C. No. — 8) or at 2-0 to 2-4 for the metals of C. No. 12. On 
the other hand, the (semi-)metals with low co-ordination, such as gallium, 
germanium and bismuth, which are bound largely by homopolar bonds, 
show an appreciable increase in co-ordination number on melting. The 
rigid homopolar bonds holding the atoms in the solid state arc obviously 
replaced partly or totally by a metallic binding. This transition is further 
marked by the great increase in electrical conductivity on melting which 
is characteristic of this type ol element . 

We may try to make some predictions from Table I. Thus we may 
expect the co-ordination number of liquid Kb and Cs to be about 8. 
The co-ordination numbers of copper and silver should be nearly the 
same as that of gold (C. No. — it). The entropies of fusion are easier 
to obtain than the “ structures ” of molten substances, and using these 
values it appears possible to estimate the co-ordination numbers of liquid 
elements by such comparisons as Table I, if the numbers for the solid 
state are known. 

The co-ordination numbers and the interatomic distances govern 
the value of the atomic volume. This quantity includes not only the 

4 Pauling, The Nature of the Chemical Bond (London, 1945). 

6 Dehlinger, Chnnhche Physik der Metalle und Legierungen, Leipzig, 1939. 

6 Hume-Rothery, Atomic Theory (institute of Metals, London, 1947). 

7 Grube and Dietrich, Z. Elektrochem., 1938, 44, 755. 
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volume occupied by the atoms themselves but also the interatomic 
space. The entropy of fusion can now be defined more exactly as a measure 
of the increase in disorder and of volume expansion. Eucken 8 discusses 
the correlation of these quantities starting from the melting theory of 


TABLE L —Entropy op Fusion of some Elements and their Co¬ 
ordination Numbers in the Solid and Liquid State 



Crystal Lattice j 

Molten State j 

1 

I 



Element 





Ref. 

. ^ 1 A S m in 






AO. iNO. 

Cal. /deg. 

Kef* 


C\ No. 

AD in A 

C. No. 

AD in A 





A 

12 

3-82 

7 

3*90 

8 

~5 

_ 

_ 




10 

3‘80 

9 

— 2 

3*35 

10 

Li 

8 

3*04 

9*8 

3*24 

11 
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12 

Na 

8 

3 ‘ 7 2 

<3 

3'«5 

13 

0 

1-70 

12 

K 

8 

4-58 

8 

4 -b 4 

14 

0 

1*70 

12 

Rb 

8 

4‘9 

— 

— 

— 

— 

1*68 

12 

Cs 

8 

5*3 

— 

— 

— 

— 

1*65 

12 

Mg 

1 2 

3*20 

- • 



— 

2*25 

12 

Cu j 

12 

2*35 

— 

— 
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2-29 

12 

Ag 

12 
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— 
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— 

2*22 

12 

Au 

12 
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11 
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15 
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2*29 

12 

Zn 
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11 
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TI 
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12 

Cd 

<>-H> 

2-97 ; 3*30 

8 

3*ot> 

II 

-4 

2*57 ! 

12 

ff g 


3 00 ; 3-47 



- - 

— 

2*37 

12 

A 1 

12 

2-89 

io-6 

2 * 9 <> 

11 

-i *4 

2*70 

12 

Ga 

i -j 0 

2-43 ; 2-71 

T I 

2*77 

15 

+ 4 

4*42 

12 



to 2*79 







In 

4 d -8 

3 24 ; 3*37 

8 1 4 

3* T 7 '• 3*88 

15 

0 

1-32 

12 




8 J 

3 * 3 ° 

I 1 

(- 4 ) 



T 1 

12 

3*45 

8 + 4 

3 30 ; 4*22 

L 5 

0 

T *79 

12 

Si 

4 

2*35 

- - 




6 *5 

12 

Go 

A 

2*43 

8 

2-7-) 

15 

+ 4 

6-o 

12 

Sn 

4 + 2 

3*02 ; 315 ; 

10 

3*20 

15 

0 

3*35 

12 


+ 4 

3 * 7 ( > 

— 

— 

— 

— 

— 

— 

Pb 

12 

3 ‘ 4 <> 

8-|-4 

3 * 1 °: 4*37 

15 

0 

1-98 

12 

Sb 

3 + 3 

2-87 ; 3*80 

— 

— 

— 

— 

5*25 

1 2 

Bi 

3 + 3 

! 

3-09; 3-4!) 

i__ _ 

7'5 

3*32 , 

15 

-f-i *5 

478 

12 


Lennard-Jones and Devonshire. 1 ® It is argued that the interlattice 
energy, defined by Lennard-Jones and Devonshire, should be proportional 
to the volume increase on melting and also to the entropy of fusion and 
that therefore proportionality between these two quantities should exist. 
It can be shown that this proportionality, predicted by Eucken, is con¬ 
firmed for any element whose solid lattice is held by the same bonding 
mechanism. 

The entropies of fusion and volume changes on fusion critically selected 
from the literature or obtained from the author’s measurements arc 

8 Eiscnstcin and Gingrich, Physic. Rev., 1940, 58, 307. 

9 Miller and Lark-Horowitz, Physic. Rev., 19.40, 58, 207. 

10 Landolt-Bornstein-Koth-Scheel, Physikalisch-chemische Tabcllen, III, Suppl. 
Vol., 1936, pp. 2212, 2237, 2245, 2697, 2085. 

11 Gamertsfelder, Physic. Rev., 1939, 55, iit6 ; 1940, 57, 1033 ; 194t, 59, 926. 

12 Kubaschcwski, Z. Elektrochcm., 1949, 53 ; Z. Mctallkimde, 1949, 40 (in 
press). 

18 Trimble and Gingrich, Physic. Rev., 1938, 53, 27S. 

14 Thomas and Gingrich, J. Ghent. Physics, 1938, 6, 411. 

16 Hendus, Z. Naturforscti., 1947, 2a, 503. 

18 Lcnnard-Joncs and Devonshire, Proc. Roy. Soc. A, 1938, 169, 317; 1939, 
170, 464. 
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TABLE II. —Change of Entropy and Volume on Melting of the Elements 


Element 

cal. /deg. 

Ref. 

AV m 

Ref. 

cal./deg. 

Li 

1-33 

12 

0*0l65 

19, 20 

(93) 

Na 

1*70 

12 

0*025 

2 T , 22, 23, 

24. (20), (25) 

68 

K 

1-70 

12 

0*0255 

67 

Rb 

1*68 

12 

0*025 

22, 26, 25, 20, (23) 

67 

Cs 

ld>5 

12 

0*026 

20, 25, 26 

64 

Cu 

2*29 

12 

0-0415 

20, 22, 27, 28 

55 

Ag 

2* 22 

12 

0*038 (0*05) 

28, (20), (22) 

58 

Au 

2*29 

12 

0*051 

20, 22, 29 

45 

Mg 

2*25 

12 

0*041 

22, 30, 31, 32 

55 

Zn 

2*48 

12 

0*042 

33. 34. (23). (27) 

(59) 

Cd 

2*57 

12 

0*047 

22, (23), (24) 

55 

Hg 

2*57 

12 

0*037 

22, 24 

64 

A 1 

2*70 

12 

0*060 

32, (28), (23), 

(35) 

45 

Ga 

4-42 

12 

— 0*032 

IO 

-138 

In 

1-82 

12 

(0*027) 

* 

( 67 ) 

T 1 

1-79 

12 

0*032 

22, (23), (24) 

5 d 

Si 

d *5 

12 

— 

— 

— 

Ge 

6-o 

12 

— 

— 

— 

Sn 

3*35 

12 

0*028 

21, 22, 23, 24, 
28, 33 

120 

Pb 

1 98 

12 

0:035 

22, 23, 24, 33 

57 

P 

0-47 

12 

0*033 

3 d 

13 

Sb 

5-25 

12 

— 0*0095 

37 

— 560 

Bi 

4-78 

12 

--0-0335 

21, 22, 23, 

24, 28, 33 

-134 

S | 

0-82 

12 

(0*055) 

21 

(15) 

So 

3*°4 

12 

0*159/0*072 

38 

19/42 

Te 

5-80 

12 

— 

— 

— 

Fe 

2*01 

12 

0-007-0-044 

30 

? 

Ni 

2*43 

12 

— 

— 


Ar 

3*35 

IO, l8 

0-125 

10, 17 

27 


♦ Estimated from the change in the co-ordination number and interatomic 
distance on melting (see Table I). 


17 Bridgman, Physic. Rev., 1934, 46, 93°- 

18 Landolt-Bornstein-Roth-Scheel, Physik all sch-chemische Tabellen, I, Suppl. 
Vol., 1927, p. O82. 

19 Kleiner and Thum, Beibl. Ann. Physik., 1907, 31, 539, 1042. 

20 Losana, Gazz. Chim. Ital., 1938, 68, 83b ; 1935, 65, 85 r. 

21 Block, Z. physik. Chem., 1912, 78, 385. 

22 Endo, Sci. Rep. Tdhoku, 1925, 13, 193, 219; Bull. Chem. Sac. Japan, 
1927, 2, 134. 

23 Topler, Wicd. Ann., 1894, 53, 351, 376. 

24 Vicentini and Omodei, Beibl. Ann. Physik., 1888, 12, 176, 177 ; 1892, 

16, 67. 26 Hackspill, Compt. rend., 1911, 152, 259. 

26 Eckardt and Gracfe, Z. anorg. Chem., 1900, 23, 382 ; Ann. Physik., 1900, 
1 , 79. 27 Pelzcl and Schneider, Z. Metallkunde, 1943, 35, 121. 

28 Sauerwald, ibid., njzz, 14, 145, 254, 329, 457. 

29 Krause and Sauerwald, Z. anorg. Chem., 1929, 181, 347. 

30 Edwards and Taylor, Trans. Amer. Inst. Min. Met. Eng., 1923, 69, 1074. 

31 Honda and Masumoto, Sci. Rep. Tdhoku, 1931, 20, 34O. 

32 Pelzel, Z. Metallkunde, 1940, 32, 7. 

33 Goodrich, Trans. Faraday Sac., 1929, 25, 531. 

34 Pelzcl and Sauerwald, Z. Metallkunde, 1941, 33, 229. 

35 Edwards and Moormann, Z. Metallkunde, 1921, 13, 384. 

39 iloather, Proc. Physic. Soc., 193b, 48, 699. 

37 Matuyama, Sci. Rep. Tdhoku, 1928, 17, 1 ; 1929, 18, 733. 

38 Gmelins, Handbuch der anorg. Chem., Syst. 10 (Sc), 1942, pp. 179, 181. 

39 Idem., ibid., Vol. Risen. 
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collected in Table II. The volume change on fusion is expressed by the 
quantity 

AF -= AVllq ' ~ AVsnl - h\ 

m ' AV»oi.. (1) 

where the atomic volume of the element in the solid state at the melting 
point is designated by AV 80 i. and that of the liquid state by AVn q . (also 
at the melting point). 

It will be noted that the quotient of the entropy of fusion and the 
volume change on fusion 

* m = HSJHV m .(2) 

is nearly constant for a considerable number of metals (alkali and alkaline 
earth, Cu, Ag, Au, Mg, Zn, Cd, Hg, Al, In, Tl, Pb) and amounts to an 
average of 60 cal./deg., or, considering metals with C. No. 8 and 12 separ¬ 
ately, 67 and 56 cal. /deg. respectively. The deviations (particularly 
for Li, Au, and Al) can well be caused by inaccuracies in measurement, 
especially of the volume change at fusion. 

The large divergences of the AV m values measured by various observers 
in particular cases indicate the difficulty of an exact determination of 
the change in volume. Differences of 25 % are not rare, and sometimes 
even this discrepancy is exceeded. The critical mean compensates these 
errors to some extent, but it is not always possible to estimate. 

Extending the scope of the discussion, we show in Tables III and IV 
the specific heats per g.-atom at the melting point divided by the absolute 
temperature of fusion (C v jT m ) and the coefficient of cubic expansion a 
for the .solid and liquid states respectively. The expression, 

C pi( T m a ) == W or Sn q . . . . (3 a, b) 

which is obtained empirically, has the same dimension as S m , namely 
cal./deg. 

While the increase in entropy on melting is due to the increase in dis¬ 
order and volume change, the quantities 8 so i. and 8n a . represent only the 
increase in entropy due to expansion. 2 It is observed that nearly all the 
metals with a constant value for 8 W have an almost constant value for 
$301. and Snq. of 86 and 73 cal./deg. Other elements, such as silicon, 
germanium, bismuth, phosphorus, etc., show divergences well outside 
experimental error. Actually, all these are elements in which the bond 
is not purely metallic. The same elements also show deviations in the 
value of the quotient given in Table II. In many examples the vari¬ 
ations in volume AT exhibit the well-known negative effect. 

On summarizing the information in Tables II, III and IV the following 
qualitative picture of the nature of the bonds and bond structure of liquid 
and solid elements can be deduced. 

In solid elements in which the lattice is preserved mainly by metallic 
bonding forces, a given increase in volume is always associated with a 
certain absorption of energy.* A rise in temperature from 1 degree below 
the melting temperature results in an increase in the kinetic and the 
potential energy of the oscillating units of about $R per mole. The 
whole of the increase can be measured macroscopically as the atomic 
heat. On increasing the kinetic energy, the amplitude of oscillation is 
increased and volume expansion results. If the bonding mechanism of 
the atoms is the same, entropy and volume increases are proportional 
to each other. On the other hand the coherence of atoms is much 

* The atomic heat has approximately the same value for all metals. The 
Dulong-Petit value amounts to about 7*25 cal./deg. at the melting point. This 
leads 1o a constant value for a T m of the elements with metallic bondings of 
approx. 0*078. This regularity is already known and is consistent with 
Grlineisen’s rule whereby the total volume change of the normal metals amounts 
* :o 7 % between absolute zero and the melting point. 
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stronger with homopolar bonding. The same increase in entropy 18 is 
therefore accompanied by a smaller increase of the amplitude of oscillation 
and hence a smaller volume expansion ; the quotient 8« 0 i. must therefore 

TABLE IIL —Atomic Heat and Coefficient of Expansion of Solid 
Elements at the Melting Temperature 


Element 

('vlTm 

cal./deg. x io 3 

Ref. 

a 

deg .- 1 x io 3 

Ref. 

ShoI. 

cal./deg. 

la 

15*3 

12 

0*18 

19, 42 

85 

Na 

19*0 

40 

0-22 

24, 42 

86 

K 

20*8 

40 

0*25 

24, 25, 42 

83 

Rb 

23*0 

40 

0*27 

2 5 > 43 

85 

Cs 

24*4 

40 

0*29 

2 5 

84 

Cu 

5*5 

40 

0*070 

43.44.45. (46) 

79 

Ag 

6-05 

12 

o*o 8 t 

43. 47. (4t>) 

75 

Au 

5*5 

12 

0*058 

45. 4«. (10) 

95 

Mg 

8*2 

12 

o-no 

10, 49, 50 

75 

Zn 

10*2 

4° 

0113 

47* 49, 5L 52 

90 

Cd 

ll-0 

40 

0*126 

49 

92 

Hg 

29*0 

10 

0-171 

10 

170 

A1 

8*4 

12 

0-099 

35.43.45.49. 

85 





5°. 53. 6 3 


Ga 

21*1 

4i 

0-054 

TO 

384 

In 

15*4 

40, 41 

0*125 

54* 55. 5b 

123 

T 1 

12*4 

12 

o-l 26 

49 

99 

Si 

3*9 (1000 0 C) 

40 

0*0096 (1000°) 

49 

(406) 

Ge 

4-6 (0-400° C) 

40 

0-023 (0-400°) 

49 

(200) 

Sn 

14-2 

40 

0-095 

49 

150 

Pb 

11*6 

40 

0-12 

46, 49, (24) 

97 

P 

17-9 

| 12 

0*375 

24. 43 

48 

Sb 

7*i (o°-m.p.) 

40 

0*033 (o°-m.p.) 

57 

(- * 5) 

Bi 

12*6 (20-270° C) 

12 

0*040 (20-270°) 

10, 18, 24, 49 

3'5 

S 

13*5 

40 

(0-36) 

43 

(3«) 

Se 

12*8 

40 

o-x8 

38 

7i 

Te 

8*7 (o-ioo° C) 

12 

0*053 (50° C) 

42, 54 

(i<>4) 

Fe 

5*8 

12 

? 

— 

— 

Ni 

4*0 (iooo° C) 

12 

0*057 (1000°) 

43.45 

82 


be larger than with a metallic bond. According to Table III, this actually 
occurs. The lattice structures of metals such as silicon and germanium, 
which crystallize in the diamond stiuctuie are the result of spin compen¬ 
sation. The same applies, though to a lesser extent, to the distorted 

40 Kelley, U.S. Bur. Mines Bull., No. 371, 1934. 

41 Roth, Mayer and Zoumer, Z. anorg. Chem., 1933, 214, 309 ; 193*4, 3°3- 

42 Bridgman, Proc. Amer. Acad., Set., ujn, 47, 348 ; 1925, 60, 303 ; 1935, 
70, 71. 

43 Landolt-Bornstein-Roth-Schcel, Physikalisch-chemische Tabcllcn, 1923, pp. 

1217, 1228. 44 Haring and Davey, Physic. Rev., 1935, 47, 337. 

46 Nix and MacNair, Physic. Rev., 1941, 60, 597. 

48 Eucken and Dannohl, Z. Hlektrochem., T934, 40, 814. 

47 Owen and Yates, Phil. Mag., 1934, IJ 3- 

48 Muller, Physik. Z., igiG, 17, 29. 

48 Landolt-Bornstein-Roth-Scheel, Physikalisch-chemische Tabcllen, II, 
Suppl. Vol., 1931, pp. 115T, 1221, 1478. 

50 Bollenraili, Z. Mrtallkunde, 1934, 2 6, 62. 

61 Bochvar and Sviderskaja, A.C.S. Abslr., 1946, 40, 2369. 

52 Sicglersehmidt, Metalliuirlsch., 1938, 17, 155. 

68 Taylor, Willay, Smith and Edwards, Metals Alloys, 1938, 9, 189. 

54 Eizeau, Compt. rend., 1869, 68, 1125. 

55 Frevel and Ott, J. Amer. Chem. Soc., 1935, 57, 228. 

66 Sliinoda, Mem. Sci. Kyoto Univ., 1933, 16, 198. 

67 Hidnert, Z. Mctallhunde, 1935, 27, 286. 
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diamond structure of white tin. A homopolar bond participation most 
probably occurs also in the layer lattice structure of antimony and bis¬ 
muth. The spiral chain of the atoms about the triagonal axis in metallic 
selenium and tellurium is assumed to be of homopolar nature, whilst the 
cohesion of the chains to each other is attributed to the metallic bond. 69 

TABLE IV. —Atomic Heat and Coefficient of Expansion of Liquid 
Elements at the Melting Point 


Element 

Cp[T m 

cal./deg.x 10* 

Ref. 

a 

deg.- 1 x io 3 

Ref. 

Sllq. 
cal./deg. 

Li 

15*4 

12 

_ 

_ 

_ 

Na 

20*2 

40 

0-275 

24 . 25, 43, 59 

73 

K 

22*8 

40 

0-29 

24 » 25, 43, 59 

78 

Rb 

25-2 

40 

0'34 

25 

74 

Cs 

2b-4 

40 

0-305 

25, 26 

73 

Cu 

5'7 

30 

0-095 

60 

60 

Ag 

b *7 

40 

0105 

28, Or 

64 

Au 

5 *^ 

40 

0-069 

20 

( 7 ft) 

Mg 

8*8 

12 

0-125 

32 

70 

Zn 

ji-i 

58, 40, 3 2 

o-L 54 

34, 37, 62, 63 

72 

Cd 

12*0 

4 °. 58 

0-3 (>5 

24, 37, 61, 62, 

(> 4 * (° 5 ) 

73 

hr 

283 

IO 

0-182 

24, 43, 66 

155 

A 1 

8-7 

40 

0-122 

32 , 35 

7 i 

Ga 

2 2 '5 

IO 

0-126 

3 6 

179 

In 

16-4 

IO 

— 

— 

— 

T 1 

317 

JO 

OT50 

24 

78 

Si 

- 

— 

— 

— 

— 

Ge 

— 

— 


— 

— 

Sn 

1 3 “ I 

40 

0*115 

24, 37, 60, 62, (65) 

114 

Pb 

12-5 

40 

0-33 

24, 37, 62, 64. 05 

00 

P 

192 

12 

o *53 

24. 43 * '>7 

36 

Sb 

7-9 

40 

0-10 

28, 64 

79 

Bi 

14*0 

12 

0*12 

24 

117 

S 

tO-2 

IO 

0-47 

24* 43 

35 

Sc 

14*2 

12 

0-40 

38 

3 * 

Te 

32-4 

12 

- - 

— 

— 

Pc 

5*2 =4-0*7 

39 

0*03-0-14 

39 

? 

Ni 

— 

— 

— 

— 

— 

Ar 

125-0 

18 

4*54 

68 

28 


It is possible to take the argument a stage further and, using the 8 s0 i. 
values, set up a qualitative table arranged according to the participation 
of a homopolar bond in the bond structure. According to such an 
arrangement gallium should be below silicon. This is an interesting 
result as crystallographic considerations alone have failed to establish 
the bonding mechanism of gallium with certainty. 6 Even indium in 
the solid state exhibits some degree of homopolarity. 

68 Braune, Z. anorg. Chew., 1920, ill, 124. 

69 Rinck, Ann . Chim. t 1932, 18, 395. 

80 Widawski and Sauerwald, Z. anorg. Chem ., 1930, 192, 145. 

81 Jouniaux, Bull. Soc. Chim. France , 1930, 47, 524, 682 ; 1932, 51, 677. 

82 Hogncss, J. Amer. Chem. Soc., 1921, 43, 1621. 

83 Saeger and Ash, Bur. Stand. J. Res., 1932, 8, 37. 

84 Greenaway, J. Inst. Metals, 1947, 74, 133. 

85 Arpi, Z. Met alio graphic, 1914, 5, 142. 

88 Harlow, Phil. Mag., 1929, 7, 674. 

87 Dobinski, Bull, intern, acad. polon., Cl. sci. math, nat., A, 1935, 253. 

88 Baly and Donnan, J. Chem. Soc., 1902, 81, 907. 

89 Halla, Kristallchemie und Kristallphysih metallischer Werkstaffe (Leipzig, 
1939 ). 

33 * 
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The exceptional behaviour of the elements possessing a homopolar 
bond is also shown in the h m values. This indicates that the nature of 
the bond in the solid phase is at least partially changed on melting. It 
might therefore be expected that, for example, the spin compensation 
in liquid bismuth or antimony is less pronounced and that in its place 
more quasi-free electrons are produced : the bond after melting would 
therefore be more metallic than in the lattice. The 8 m value for antimony 
is actually found to approach very closely that of liquid elements possess¬ 
ing a metallic bond. This is in agreement with the observation that the 
electrical conductivity of antimony and bismuth markedly increases 
during melting ; 7 and is in contrast to the normal metals, which exhibit 
the reverse effect and that only to a lesser extent.* Gallium, too, shows 
an increase in conductivity ; its Su q . value is therefore correspondingly 
lower than S BO i. However, the homopolar forces appear to be still oper¬ 
ative to some extent in liquid gallium. The same apparently applies 
to tin and probably to germanium and silicon. 

The homopolar bond requires a low co-ordination (see Table I). 
The displacement of the homopolar bond by the metallic bond results 
in some instances in a closer packing and hence in a contraction of volume 
during fusion. The negative AF values of antimony, bismuth, tellurium 
and gallium can be explained in this manner. Silicon and germanium 
probably also contract on melting. 70 

Other elements, such as phosphorus, selenium, sulphur or argon, 
have much lower 8 values than correspond to the average in Tables II, 
III and IV. The absorption of energy, associated with a certain change 
in volume, is therefore lower than that of an element in which a metallic 
bond is operative. This is especially easy to understand in the case of 
the rare gases, in which the weak van der Waals' forces maintain the 
lattice structure. The same is true for the other elements mentioned. 
In sulphur, for instance, the molecular unit is maintained during expansion 
and melting and the volume changes are due to the widening of the 
spaces between the molecules which are kept together by van der Waals' 
forces. 

Mo complete explanation can as yet be given for the exceptional be¬ 
haviour of mercury, which behaves as if possessing a metallic bond during 
fusion, except that the 8 80 i. and 8n q . values are twice as high as the 
average in Tables III and IV. 

The results described above are supported by Klemm, 70 who has recently 
arrived at results similar to the above, from consideration of magnetic 
behaviour. He classifies elements on the basis of the co-ordination number, 
electrical conductivity, and the chemical character of the oxides and 
hydroxides, into the following groups : true metals, meta-metals, semi¬ 
metals and non-metals (see Table VI). In non-metals each of the valency 
electrons belong to one pair of atoms, and in meta-metals Klemm 
postulates a tendency towards such an attachment. The electrons, 
almost free in the true metals, are confined, as it were, to great " orbits ” 
surrounding groups of atoms in the meta-metals. The attachment of 
electrons to single pairs of atoms is not complete in the semi-metals, 
since these elements have an appreciable electrical conductivity. The 
great orbits postulated should affect the magnetic behaviour of the 
elements concerned ; thus, whereas the electrons of the electron cloud 
show a weak paramagnetism, independent of temperature, the bound 
electrons lead to diamagnetism, the magnitude of which is proportional 
to the size of the orbit. The anomalous diamagnetism due to “ giant 
orbits " is pronounced in the Group V elements, antimony and bismuth. 

* The proportional change in the electrical conductivity value is not great 
if the volume change during melting is considered as well, i.e. if the conductivity 
is related to equal numbers of atoms and not to l cm. 3 . 

70 Klemm, paper read before the Deutsche Chemische Gesellschaft (Feb., 1944). 
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It is exhibited in the diamond structure, in gallium at low temperatures 
and possibly in grey tin. It is strongly marked in graphite and there 
are indications of it in thallium. 

Finally, another conclusion arising from the relationships described, 
may be mentioned. For the true metals the ratio 

AS W _ AVnol. _ a 

AV" T m AV, lq . — AV 80l . • [ ) 

is constant. Combining this equation with that of Clapeyron for the 
change of melting point with pressure 


we obtain 


> (AV„ q . - AVioi.) dp 
L m 


dr 


dp « s m dr 


(4) 

(5) 


Using this equation the lowering of the melting point by pressure may 
be calculated in the range of lower pressures, using only the atomic 
volumes of the true metals at the melting point. Here is a pronounced 
analogy to the equation of ideal gases, except that the constants R and 8 
have different values. 


TABLE V. —Comparison of the Calculated ani> Measured Values of 
the Lowering of Melting Point by Pressure 


Element 

S° 

1 

AVsoi. 

cm.*/g.-atom 

dp 

-£j. (measured) 
atm./deg. 

dp dm 
dT AV 
atm. /deg. 

Na 

97-6 

24-0 

1 19*0 

11 6*0 

K 

O25 

45*7 

61*0 

()l*0 

Kb 

3«7 

56-0 

50*0 

49*5 

Cs 

29*7 

71-0 

4 .V° 

39 *o 

Cd 

3 2t> *5 

1 3*3 

1 59-0 

I 74 -o 

Hg 

--38* 

141 

185*0 

164-0 

Pb 

3 2 7 - 

18*7 

124*0 

1240 


Values of the inverse ratio of the melting point lowering, dp/dT, 
measured by Bridgman, 42 * 71 Tammann, 72 and Johnston and Adams 73 
are collected in Table V. Lithium is not considered, since an incorrect 
value of its heat of fusion results from Bridgman's measurements, 12 nor 
are those metals possessing a partly homopolar bond. In the last column 
are the dp/dT values calculated from eqn. (5). The mean values in 
Table II, 8 m = 67 cal./deg. (C. No. 8), 8 m - 56 cal./deg. (C. No. 12) 
(or in other units, 8 m = 2770, 2310 cm. 3 atm./deg. respectively) are used 
for the calculation. The calculated and measured values agree fairly 
well.* The error of measurement has, of course, to be considered in this 
comparison. For deriving the dpjdT (or rather A/>/AT) values, depres¬ 
sions of freezing point by pressure differences as high as 1000 kg./sq. cm. 
had to be used. Thus formula (5) is thus approximate and subject to 
this limitation. 

71 Bridgman, Physic. Rev., 1026, 27, 68. 

72 Tammann, Z. anon\ Chcm., 1004, 40, 54. 

78 Johnston and Adams, ibid., 1911, 72, 11. 

* the values of the melting point lowering can, of course, be calculated 
by means of Clapeyron's equation if the volume change on melting is knowr. 
Eqn. (5) allows a calculation if the atomic volume of the solid at the melting 
point only is known. 
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TABLE VI. —Classification of Elements. Their Physical Constants 
in thjc Solid and Liquid State 


Property 

True Metals 

Meta-metals 

Semi-inetals 

Non-metals 

C. No. (sol.) 

12 or 8 

6 -f- 6, 4 T" $ 

< 6 

low 

* (sol.) 

3 X io 4 -7 x TO 6 

io 4 -io 5 

io B -io 4 

CIO - 6 

X (sol-) 

Para- to ferro¬ 
magnetic (weak 
diamagnetic) 

Weak dia¬ 
magnetic 

Weak to strong 
diamagnetic 

Diamagnetic 

8 (sol.) 

85 

90-1 20 

150-400 

<70 

*llq."*aol. 

Weakly negative 

Positive 


<>5 

°5 

Negative 

<40 

C. No. (liq.) 

8-11 

8-11 

7 * 5 -u 

Varying 

8 (licj.) 

75 

75 

80-180 

<50 

Elements 

Li, Na, K, Kb, 
Cs, Cu, Ag, Au, 
Mg, Ca, Al, Go, 
Ni, Ti, Pb 

Zn, Cd, Jig, 
In 

j 

C, Si, tie, Sn, 
Sb, Bi, Te, Ga, 
Se, P 

P, S, Se, F. 
Cl, Br, I 


A summary of the conclusions of this paper is presented in Table VI. 
The elements may be classified as true metals, meta-metals, semi-metals 
and non-metals. For each of these classes there is a characteristic range 
of values for some of their physical constants : electrical conductivity *, 
magnetic susceptibility co-ordination number C. No., and the entropy/ 
volume ratios 8. Typical examples are given of each group. 

It is intended that similar considerations should be applied to alloy 
phases and compounds. 

The author is indebted to Mr. E. LI. Evans who kindly assisted him in 
writing the English script of this paper. 

National Physical Laboratory , 

Teddington, 

Middlesex. 


THE MAGNITUDE OF THE PROBABILITY 
FACTORS IN RADICAL REACTIONS 


By M. G. Evans and M. Szwarc 
Received 6 th May, 1949 

The experimental data relating to the rate constants and the temperature 
coefficients of various reactions involving radicals or atoms are collected. In 
the light of this compilation it is found that the probability factors of the re¬ 
actions examined are “normal”. The problem of the probability factors is 
treated theoretically. The reasons which led Steacie and his collaborators to 
the assumption of abnormally low probability factors are analyzed. 
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The magnitude of the probability factors of some simple gas reactions 
involving radicals or atoms has recently been discussed by Steacie, 
Darwent and Trost. 1 These authors tentatively suggested * that the proba¬ 
bility factors of such reactions should generally be very low and in some 
cases they proposed values as low as io -5 or io~*. The idea of low 
probability factors in such reactions has been further emphasized by 
Bamford and Dewar, 2 * * * * who made the statement : "It seems reasonable 
to infer that organic radical reactions with activation energies less than 
20 kcal, in general have frequency factors of the order of 10 7 * * * * and not io 12 
as is commonly assumed. Steacie has tentatively suggested that this 
is also true in gas reactions." 

We think, therefore, that this matter needs careful examination and 
the present communication reviews the experimental evidence lelevant 
to this problem. The evidence is supplied by two kinds of reactions : 
metathesis, in which an atom or radical reacts with a molecule to form 
two particles, and association or recombination reaction involving atoms 
or radicals. 

The most reliable information about the magnitude of the probability 
factors of such processes would be provided by investigations of simple 
systems in which the number of possible secondary reactions is reduced 
to a minimum and for which measurements of the temperature co¬ 
efficient of the rate of reaction have led to a knowledge of the activation 
energy of the process in question. It .should be noted that an evaluation 
of the probability factor P is obtained from the relationship 

k == PZc - ZIXT 

and that owing to the uncertainty in the estimation of the collision dia¬ 
meter which is required for the calculation of the collision frequency 
the probability factor P is likely to be uncertain by a power of 10.f 

Table I summarizes the experimental evidence on metathesis reactions 
of the type : 

RY + X R -I- YX, 

where X represents an atom. All the systems listed in this Table are 
very simple and the results seem to be unambiguous, demonstrating that 
the most probable value of P for such reactions is of the order of o-i 
to within a factor of 10. 

The best argument in favour of normal ’’ probability factor for 
reactions between an atom and a molecule is provided by those reactions 
which take place at nearly every collision. Table la lists some of these 

1 Steacie, Darwent anil 'frost, Faraday Soc. Discussions , 1947, 80. 

2 Bamford and Dewar, Nature , 1049, 163, 250. 

* In a private communication Dr. Steacie remarks “ that the main object 

of the paper by Trost, Darwent and myself was to draw attention to the very 

serious discrepancies between existing experimental results for the reactions 

of hydrogen atoms and of methyl radicals with the paraffin hydrocarbons. It 

was shown that the assumption of low steric factors was a possible way of bring¬ 
ing the results into line. It is, of course, also possible that the experimental 

results are in error. 

" We wished to emphasize the lack of knowledge of tile steric factors, and the 
frequency with which experimental “activation energies ” are merely the result 

of calculations which assume steric factors of unity. The widespread assump¬ 

tion that such factors are almost always unity appears to be a dangerous one. 
What is needed is much more detailed experimental information for a few im¬ 
portant reactions. Until such information is available it seems impossible to 
obtain an adequate verification of theory. On our part we hope to be able to 
provide more accurate experimental information in the near future on the 
reactions of methyl radicals with the paraffins." 

t The collision diameter is usually computed either from molecular dimen¬ 
sions furnished by electron diffraction or X-ray diffraction measurements, or 
from data based on physical properties of gases such as viscosity, which are 
interpreted by the kinetic theory of gases. 
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TABLE I 


No. 

Reaction 

E kcal./mole 

P 

Reference 

I 1 

H -f-/?-H 2 -> o-H 2 4“ H 

5*5 

0*07 

a 

2 

D 4- 0 - 1)2 ~> 4- 11 

6 -o 

0*07 

a 

3 

11 4 - I >2 ->HD4-D 

6*5 

0*07 

a 

4 ! 

I) -f H 2 -*■ HD 4- H 

4*9 

0-07 

a 

5 

1 > 4 - NH a - 4 H 4 - NlIjD 

10-7 

o *3 

b 

(i 

I) 4 - PH 8 -* H 4 - FH 2 D 

14-4 

0*25 

b 

7 

Br 4 - CH 4 -> CH S + HBr 

I 5 *h 

0 -I- 0-2 

d 

8 

H 4- N 2 H 4 -* H* 4 N a H a 

7-2 

0*01 

c 

9 

Br 4- H a HBr 4 H 

17*6 

0*2 

e 

10 

H 4- Br 2 -> HB 4- Br 

1 * 2 

I 

f*g 

II 

H 4- HBr 1I 2 4 - Br 

1*2 

01 i 

f*g 

3 2 

Cl 4- H 2 -> HC1 4 - H 

6-7 

O’l 

h 

*3 

H 4 Cl 2 HC1 -f Cl 

2 

I 

i 

14 

H 4- HCl -> H* 4 - Cl 

4*3 

0*1 

i 

15 

H 4- 1 2 HI 4 I 

0 

I 

i 

16 

CH a Cl 4 Na CH a 4 - NaCl 

7*5 


k 

17 

C 6 H 6 Br 4 Na C a H 6 4 NaBr 

3-8 


l 


a. Farkas and Farkas, Proc. Roy. Soc . A, 1935, 155, 124. 

b. Melville and Holland, ibid., 1937, , 6°» 384. 

c. Birse and Melville, ibid., 1940, 175, 164. 

d. Kistiakowsky and van Artsdalen, J . Chem. Physics, 1942, 12 , 469. 

e. Jost, Z. physik. Chem. B, 1929, 3, 118. 

/. Schumacher, Chemische Gasreaktionen (Steinkopif, 193S), P- 416. 

g. Iiodenstein and Ltitkemeyer, Z. physik. Chem., 1924, 114, 208. 

h. Rodebush and Klingelhoeffer, J. Amer. Chem. Soc., 1933, 55* I 4 I * 

i. Schumacher, Chemische Gasreaktionen (Steinkoptf, 1938), P- 35-2. 

k. Hartel and Polanyi, Z. physik. Chem. B, 1930, 11, 97. 

l. Warhurst, Trans. Faraday Soc., 1939, 35, 674. 

reactions, and it should be noted that this class includes atomic reactions 
with large and complicated organic molecules. Obviously the probability 
factor of all these reactions cannot be smaller than 0*1. 

TABLE I a 


Keactiou 


Na 4 Cl 2 Nad 4 Cl 
Na 4 Br 2 -> NaBr + Br 
K + Cl 2 -> KC1 f Cl 
CH a l 4 Na -> CH S 4 Nal 
C 6 11 5 1 4 - Na - C 6 H 5 4 Nal 
CCI 4 -j - Na —> CCI 3 4' NaCl 
C 2 I1 5 I -f Na C 2 U 5 4 Nal 
C 6 U 6 . C1I - CH . CH 2 Br 4 - Na 
-> C 6 H 6 . CH « CH . CH* 4- NaBr 
CNCl 4- Na -> CN 4 - NaCl 
CN Br 4- Na CN 4 - NaBr 


Number of Efficient 
Collisions 
Total Number of 
Collisions 


Reference 


»/» 

1/1 

1/1 

i/i-5 

i/a 

i/5 

1 / 2-5 

1/1 

1 / 4-7 

1 / 4-2 


a, b 
a, b 
a, b 
c 
d 
e 
/ 

f 

f 

/ 


a. Polanyi, Atomic reactions (London, 1932). 

b. Schumacher, Chemische Gasreaktionen (Steinkoptf, 1938), p. 340. 

c. Hartel and Polanyi, Z. physik. Chem. B, 1930, 11, 97. 

d. Fairbrother and Warhurst, Trans. Faraday Soc., 1935, 31, 987. 

e. Haresnape, Stcvels and Warhurst, ibid., 1939, 36, 405. 

/. Evans and Walker, ibid., 1944, 4 °» 384. 
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Direct experimental evidence for the bimolecular association reactions 
is scanty. We can, however, obtain indirect information from the 
relationship between the velocity constants and the equilibrium constants 
of reactions of the type, A -f B AB, provided we possess a knowledge 
of the unimolecular velocity constant. The evidence which has accumu¬ 
lated in recent years from careful studies of unimolecular decomposition 
reactions of the type AB A -f B has shown that in the majority of 
cases the frequency factor is io 14 to io 13 sec. -1 . Using this value which 
we now consider to be securely established, we calculated the rate con¬ 
stants for the unimolecular dissociation of a number of diatomic molecules. 
It was then possible to compute the velocity constants of the " true '* 
bimolecular associations from a knowledge of the appropriate equilibrium 
constants, and it should be noted that the latter reactions must be 
kinetically bimolecular under the conditions for which the dissociation 
processes are kinetically unimolecular. Inspection of Table II, which 
contains the results obtained in this way for a number of association 
reactions, reveals that the frequency factors for these bimolecular associa¬ 
tions are between io 11 and io 13 . Hence the steric factor as defined above 
cannot be smaller than io~ z . 

TABLE II 

Calculation of P for reactions A -f A A 2 . It is assumed that the reaction 
proceeds under the conditions in which A, decomposes unimolecularly ; k t 
being io 13 exp (— DIRT) sec. -1 . D — dissociation energy of A 2 . k z = A’eq./^. 
Calculated for T — iooo° K. D and A'eq. taken from spectroscopic data. 


Reaction 

K cqm (atm.) 

k x (sec.- 1 ) 

k t (sec . -1 cm.* mole- 1 ) 

11 4 - H 11 2 

0 

X 

y 

5 X lo~ 10 

6 X IO 12 

I) 4 I) -v I ) 2 

9 X 10 19 1 

2 X IO~ 10 

15 X io 13 

O + 0 -v 0 2 

3 X Io~ 20 

2-5 X IO' 13 

0*6 X IO 12 

Cl + Cl -> Cl 2 

2 X IO“ 7 

4 

2 X 10 12 

Br -f Br Br, 

5 X 10 8 

1*6 X io 3 

24 X io 12 

I -1- 1 -> l a 

2 X 10 3 

2 X IO 6 

8 X io» 


It has been found, however, that the association reactions between 
two big radicals correspond to a very small probability factor. For 
example, as direct measurements have been made on the rate 1 of the 
unimolecular decomposition and equilibrium constant of hexaphenyl 
ethane, 3 one is able to calculate the rate of the bimolecular recombination 
of triphenyl methyl radicals at io 3 sec. -1 cm. 3 mole L This recombina¬ 
tion process involves an activation energy of about 7 kcal./mole. 4 5 Hence 
the frequency factor for recombination of triphenvl methyl radicals appears 
to be of the order 10 8 only, thus indicating a low probability factor. 
Another example is furnished by Melville’s study on the kinetics of the 
photo-initiated polymerization of vinyl acetate. 6 From this investiga¬ 
tion a value of io 6 sec. -1 cm. 3 mole -1 was obtained for the frequency 
factor of the propagation step, 

CH* + CH 2 -CII cii—CH 2 —CH* 


Theoretical Discussion. —A clear understanding of the magnitude of 
the probability factors is possible in terms of the transition state method.* 

3 Ziegler and Ewald, Annalen, 1929, 473* 163. Ziegler et al, ibid., 1942, 

55 *> JOi. 4 Ziegler, Trans. Faraday Soc., 1934, 3 °» IO - 

5 Melville, Nature, 1945, 156, 661. 

8 Glasstone, Laidler and Eyring, The Theory of Rate Processes (McGraw Hill, 

New York, 1941). 
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This method enables us to express the frequency factor for the reaction 
A + B —C -+ A . . . B . . . C -> Products 

Transition State 
Complex 

as 

fw. 4- m b 4- m 6 \*h I abe h 3 v u (kT\ 8 

* \hvj ' 


(*) 


PZ ” ^m a . (m b -f- m c ) J * / &c * ( 27 r)*/a . (kT) 1 /*' v, * \hr+ 

In this ecj nation m a , and m c refer to the masses of the centres A, B, 
C respectively, I bc and I abe the moments of inertia of the molecule BC 
and the transition state complex ABC, and v be , v, and v<f> to the frequencies 
of the normal modes of vibration of the molecule BC and the transition 
state complex. The frequency factor corresponding to collision between 
the centres A and BC is given by the kinetic theory as 


v Mia inn 4 - nn) ) 


S^kT 


h* 


kT 


m a (m b 4 * ni c ) ) ’ ~ aoc ’ h 2 * (2 7r/c7')*/» * h 

From eqn. (i) and (2) we can express the probability factor P as 

1 kT v b . 


(2) 


(3) 


TABLE III 

P calculated from eqn. (3). 
assumed 5 X 10 12 sec. -1 . 


Eqn. (3) shows that the factors influencing P are mainly the moment of 
inertia of the molecule BC and the bending frequency of the transition 
state complex. The larger the moment of inertia and the higher the 
bending frequency, the smaller will be the probability factor. These 

conclusions are illustrated by Table 
III which gives the values of the 
probability factors calculated on 
the basis of (3) assuming v bc — v 8 
and reasonable values for I bc and v4. 
Again we note that for relatively 
simple bimolecular association 
react ions involving atoms this 
theoretical treatment would lead to 
values of P ranging from io -1 to 
1 o~ 2 . 

The much smaller probability 
factors which are characteristic of 
the bimolecular association reaction 
of large and complicated radicals 
are also understandable in terms of 
this treatment. In these cases three 
degrees of rotational freedom are lost 
in the formation of the transition 
state. In terms of this loss of rotational freedom the low frequency 
factor for the dimerization of tripheny] methyl radicals, for the growth 
of a polymer chain, for chain transfer, and for chain termination have 
been described and understood. 7 

We would conclude from this discussion, therefore, that if one is 
measuring a true bimolecular reaction involving radicals no new features 
affect the frequency factor which cannot be understood in terms of the 
above discussion. It may be, however, that in association reactions in¬ 
volving atoms or small radicals the energy transfer from the newly-formed 
bond becomes the rate-determining step. Under such conditions the 
reverse decomposition reaction cannot be truly uniinolecular and probably 
not kinetieally of the first order. To such cases the above discussion 
cannot apply. All the reactions discussed by Steacie and his collaborators 
are metathesis reactions, and it is difficult to see how in such cases energy 

7 Baxendale and Evans, Trans . Faraday Soc., 1947, 43, 1. 


Reaction 

he x 1040 

P 

X j- 1IC1 

2’5 

0*22 

X 4- HBr 

3*3 

0*17 

X 4- HI 

4'3 

0-13 

X 4 - CHgCl 

54 

0*01 

X h ClI 3 Br 

7 i 

O’ 008 

X + CH 3 1 

«7 

O’006 

X 4- C 3 H 4 

25 

! 0-025 

X 4- 0,11, 

53 

0*01 

X 4- isc>-C 4 1I 8 

75 

0.008 
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transfer can become a rate-determining process. Even if it were, however, 
we should expect that the increasing complexity of the molecule would 
facilitate the energy transfer and lead, therefore, to a trend in the proba¬ 
bility factors in the opposite direction to that suggested in their paper. 

There is one further point which needs special emphasis. It would 
be expected that in series of similar bimolecular reactions involving an 
atom and a molecule the increasing complexity of the molecule would 
result in a decrease of the probability factor. This conclusion emerges 
from Table III. The decrease, however, is relatively small and certainly 
cannot be of this magnitude as suggested by Steacie, Darwent and Trost 
in Table IV of their paper. Probability factors of such low magnitude can 
only be expected in reactions involving two complex radicals and molecules. 

Examination of the Experimental Evidence.—In view of the above 
discussion we should examine more closely the reasons which led 
Steacie and his collaborators to suggest probability factors as low as the 
order of io~*. It may be noted that in discussing the temperature co¬ 
efficient of hydrogen atom reactions, Steacie, Darwent and Trost admitted : 
“ the reaction of hydrogen atoms with methane is a conspicuous exception 
since in this case the activation energy calculated from the temperature 
coefficient is in excellent agreement with that from collision yield 
The low probability factors were postulated for reactions between hydrogen 
atoms and the higher hydrocarbons (see Table IV of their paper) on the 
grounds that the activation energy of the reaction 

H + 11R ->H 2 + R 

should decrease as we go from C1I 4 to C 2 H 6 , C 3 H 8 and CII(C1I 3 ) 3 . How¬ 
ever, although the dissociation energy of the CH bond falls in the series 
CHg—II, CH3CH2—H, (C?T 3 ) sen—!!, (CH 3 ) 8 C—H. the activation 
energy of these reactions with hydrogen atoms should decrease only as 
a small fraction of the bond strength. In these reactions the resonance 
energy in the transition state is very large and offsets changes which 
might arise from changes in the bond strength, thus leading to quite a 
small coefficient in activation energy-bond strength relationship. In 
view' of this we see no objection to the' activation energies derived on the 
basis of a probability factor of o-i and listed m Table I of Steacie's paper. 
Thus if the low activation energies are not postulated one does not arrive 
at the low probability factors given in Table IV of Stcacie’s paper. 

Passing to the second type of reaction discussed by Steacie, Darwent 
and Trost, 

CH S + HR CH 4 + R, 

we should draw attention to an inconsistency in Table IV of their paper. 
An activation energy of io*g keal. was assigned to the reaction 

H + CH 4 -> H 2 -f CH S . . . . (a) 

At the same time an activation energy of 8*i keal. was ascribed to the 
reverse reaction 

CH 9 + H a ->CH 4 + H . . . . {b) 

As, however, the reaction 

H + CH 4 = H 2 + CH S + 2 keal. 

is exothermic to the extent of 2 keal. the latter activation energy (E b ) 
should be 2 keal. higher than the former (E a ). This change is sufficient 
to make the probability factor of the reaction 

CH S -f- H 2 —> CH 4 -j- H 

quite normal. We should add that the investigation of the pyrolysis 
of ethyl benzene 8 indicates that the probability factor of the recom¬ 
bination 

PhCH t + CH 3 -* PhCH gCH s 
8 Szwarc, J. Chem. Physics, 1949, 17, 431. 



946 DECOMPOSITION OF PARAFFIN MOLECULES 

is quite normal, being of the order io~* which is to be expected on the 
basis of the considerations we have given above. 

Conclusion. —From this discussion we would conclude that there is 
no experimental evidence of abnormally small probability factors for 
metathesis reactions involving atoms. We think also that on the basis 
of the theoretical treatment of bimolecular and unimolecular reactions 
there is no justification for assuming abnormally low probability factors 
for such reactions. Small probability factors will occur in reactions 
involving two complex radicals or molecules. This is not new, and has 
frequently been discussed in terms of the loss of rotational freedom of 
the reacting centres. 

Chemistry Dept., 

University of Manchester. 


ZERO-POINT ENERGIES IN THE DECOMPOSITION 
OF PARAFFIN MOLECULES 


By R. P. Bell 
Received gth May, 1949 

Calculations have been made, using a simple model, to investigate the effect 
of changes in zero-point energy on the activation energy for the fission of a chain 
molecule. The results indicate a significant decrease of activation energy with 
increasing chain-length, but the effect is too small to account for the observed 
variations in the rate of pyrolysis of paraffin molecules. It is concluded that 
these variations must be mainly due to differences in the nature of the carbon- 
carbon links, though the zero-point energies may be important in determining 
the relatively small differences in the probabilities of fission at different points 
of the same molecule. 


It is well established experimentally 1 that the rate of pyrolysis of the 
normal paraffins in the gas phase increases rapidly in the series ethane, 
propane, butane, and that in paraffins with more than three carbon 
atoms the probability of breaking the chain is different at different points. 
If the force constants and dissociation energies of all the carbon-carbon 
links are assumed to be the same, then a classical treatment on the basis 
of simple harmonic motion (neglecting the small difference in mass between 
CH 2 and CH S ) predicts that the probability of breaking a given link 
should be independent of the length of the chain, and the same for all 
the links in a molecule. 2 This is contrary to experiment, and probably 
shows that the carbon-carbon links differ from one another, perhaps on 
account of hyperconjugation. 

It is, however, possible that a quantal rather than a classical treat¬ 
ment would modify the above theoretical conclusions, and it is the 
purpose of the present paper to investigate this point. The breaking 
of a bond involves high quantum numbers, and it is unlikely that a change 
from classical to quantum statistics would make any difference. On the 
other hand, the vibrational zero-point energies will contribute to the 
energy of the molecule in its ground state and may therefore affect the 
activation energies differently for different types of fission, even when 
the interatomic forces are identical in all the links. The observed 
activation energies for hydrocarbon pyrolysis are close to the accepted 

1 E.g. Partington, Faraday Soc. Discussion, 1947, 43#, 114. 

2 The most general proof of this has been given recently by Slater, Proc. 
Roy. Soc. A, 194d, 194, 112 ; Proc. Leeds Phil . Soc., 1949, 5 (ii), 75. 
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value for the energy of a carbon-carbon link, and it will therefore be a 
good approximation to assume that the relevant bond is completely broken 
in the transition state. The formation of the transition state will there¬ 
fore be accompanied by a loss of zero-point energy, which will serve to 
decrease the activation energy of the reaction. 

The zero-point energies could, in principle, be calculated from the 
observed Raman and infra-red frequencies. However, the allocation of 
these frequencies is uncertain, even for propane, and I have therefore 
preferred to make a theoretical calculation on the basis of a simple model 
in order to estimate the magnitude of the effect. The model treated is 
a chain of equal masses with tetrahedral angles in its equilibrium posi¬ 
tion : this ignores the small mass difference between CH S and CH a , and 
enables the fragments to be treated in the same way as the paraffin 
molecules. It also ignores the C—H vibrations, which are assumed to 
be unaffected by the fission of the molecule. A simple valence-force 
field was used, with a stretching force constant derived from the stretching 
frequency of ethane (990 cm." 1 ), and a bending force constant one-tenth 
of this. 3 

The conclusions arrived at would be essentially the same for any 
reasonable choice of force constants. Table I contains the calculated 
frequencies for ethane, propane and butane. Butane can assume a 
variable configuration in space, and the calculation has been made for the 
extreme cis and tratis planar configurations. 


TABLE I.— Skeletal Frequencies of Paraffin Molecules 

(s and a denote respectively symmetry and antisymmetry with respect to the 
plane or centre of symmetry) 


Molecule 

Frequencies (cm.- 1 ) 


joules/mole| cal./mole 

Ethane . 

1)90 

59 0 

i 

1408 

Propane 

10(h) (a), 937 (s), 410(4) 

1439 

3436 

cts- Butane 

1109 (s), 102b (a), 881 (s), 401 (a), 228 (s) 

2171 

5184 

/rans-Butane . 

1084 (s), 990 (a). 907 (s), 393 (s). 314 (a) 

2199 i 

5250 


The loss of zero-point energy in the various fission reactions is thus 
as follows (taking the ethane value for C 2 H 6 and the propane value for 
C,H 7 ). 


Reaction 

Loss of Zero-point Energy 

joules/mole 

cal /mole 

C,H, -> 2CH 3 . 

590 

I4IO 

c 3 h 9 - cu 3 + c 3 h 5 .... 

840 

2030 

—> GH 3 -f C 3 H 7 

730 

17 50 

/zaws-C 4 H 10 -> CH S -j- C 3 H 7 . 

760 

l8lO 

— >■ 2C2II5 .... 

990 

2370 

^ 'zOgHg .... 

1020 

2430 


There should thus be significant differences between the activation energies, 
and both propane and butane should pyrolyze faster than ethane. How¬ 
ever, the differences are not nearly great enough to account for the 

8 Cf. Sutherland and Simpson, J. Chem. Physics , 1947, 15, 153. 
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observed increase in rate, and doubtless the main effect is due to differ¬ 
ences in the nature of the bonds. On the other hand, the zero-point 
energy would have to be taken into account in any quantitative treat¬ 
ment, and may be important in determining the relatively small differ¬ 
ences in the probabilities of fission at different points of the same molecule. 

My thanks are due to Professor Sir Cyril Hinshelwood for calling my 
attention to this problem and for valuable discussion. 

Physical Chemical Laboratory, 

Oxford. 


THE THERMODYNAMICS OF THE 
IRON-NICKEL ALLOYS 


By O. Kubaschewski and Ortrud von Goedbeck 
Received 2 $rd May , 1949 

The partial and integral thermodynamic data of the formation of y iron- 
nickel alloys have been derived from equilibrium measurements between 
H 2 0 , II a and alloys of various composition. The entropy of formation is almost 
ideal, and the heat of formation is slightly negative (AH m&x , = — 260 cal./g.- 
atom). The corresponding data for the a phase have been derived from pub¬ 
lished work on heat-content measurements. Thus the free energy curves for 
a and y iron-nickel alloys have been calculated and the accuracy estimated. 
From these curves the phase boundaries a/a -f- y jy have been derived. Com¬ 
parison of the results with the most reliable data from the literature shows good 
agreement within the normal errors which generally occur in thermochernical 
experiments and calculations. The results are discussed from a general aspect. 


The complete thermodynamic data of the iron-nickel system have 
not yet been worked out in spite of the great technical significance of 
both the binary and ternary alloys. It can, however, be expected from 
general considerations that the binary alloys behave almost ideally. J » 1 2 
The slow rate of attaining equilibrium in the a -y region also suggests 
that the differences in free energy of the two phases are rather small. 
Further information on these questions has been obtained in this work 
by applying the results of equilibrium measurements and evaluating the 
data available from the literature. It is also shown that the a and y 
phase-boundaries can be determined from the data obtained. 

Experimental 

The choice of a suitable method of investigation requires some consideration. 
In the first place, vapour-pressure measurements cannot be applied to iron- 
nickcl olloys since both metals have extremely low vapour pressures at the 
temperatures under consideration. Moreover, electromotive force measure¬ 
ments may give rise to erroneous results due to the relatively large influence 
of the localized concentration cell effects when the difference between the 
standard potentials of the two metals is low. 3 A difference of 0*7 V should 
bo taken as a minimum. Another method recently worked out by Grube and 
Plad 4 for the chromium-nickel system appeared to be suitable for investigating 
the iron-nickel system, although certain disadvantages affecting the accuracy 
of measurement must be taken into account. 

1 Chipman in Basic Open-Hearth Steel-Making (New York, 1944), p. 480. 

3 Jones and Pumphrey, /. Iron Steel Inst,, 1949, 163, 121. 

3 Sec Weibke and Kubaschewski, Thermochemie der Legierungen (Berlin, 

I 943 h 4 Grube and Flad, Z. Elektrochem., 1942, 48, 377. 
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The principle of the method is as follows. The reaction between water 
vapours and pure iron and iron-nickel alloys of various composition is observed: * 

FcO -f H, - Fe + H 2 0 ; AG 1( A H v AS X .... (i) 

FeO + Fe.Nl, + H t - Fe. +1 Ni, + H 8 0 ; AG 8 , A H t , AS 8 . (2) 

The difference between these two equations gives the solution of 1 g.-atom of 
iron in a (theoretically) unlimited amount of the respective alloy : 

Fe + Fe.Ni, = Fe„ H Ni, ; AG pe , Atf,„ AS pe . . (3) 

Consequently, 

AG Pe = AG, - AG, ; AH P8 = A H, - A H t ; AS*. = AS, - AS, . (4) 

The amount of alloy is assumed to be so great that the compounds Fe.Ni, 
and Fe^Ni, are of equal composition. Thus the over-lined terms represent 
partial molar thermodynamic functions for the solution of iron in iron-nickel 
alloys. Since the ct-y field is in the iron-rich part of the diagram it would be 
more advantageous to determine the corresponding values for nickel; no 
m£thod, however, of observing these directly is known. The differences 
AG t — AGj etc., are so small in the oc-y region that any uncertainty becomes 
serious. The complete activity curve over the whole range of concentration 
was therefore determined and the integral values of free energy calculated. 

A simple static method originally developed by St. Claire-Deville was 
selected in preference to the dynamic method adopted by Grube and Flad. 4 
The main disadvantage of the static method, namely the effect of thermal 
diffusion, does not affect the results seriously when small differences are in¬ 
vestigated, as will be seen later. The apparatus and procedure were similar 
to those used by Eastman and Evans 6 who mcasuied the equilibria between 
iron and water vapour. A short description of the method is given here. A 
sketch of the apparatus is shown in Fig. i. 



About i g. of millings of iron-nickel alloy contained in an alumina boat A is 
heated in an electric furnace B. The boat is placed in a silica tube C, connected 
to a closed bent Pyrex tube D, containing distilled water (kept at o° C by a jacket 
of melting ice), and to a rotary vacuum pump. By this means a water vapour 
pressure of 4*56 mm. is maintained in the reaction tube after evacuation. The 
tube C is also connected to a mercury manometer with which the pressure due 
to the reaction could be measured with an accuracy of ± °*°5 mm * Hg. The 
temperature was measured to an accuracy of ± i° by means of a Pt/Pt-Rh 
thermocouple, protected by an alumina tube. The couple was calibrated at 
the melting points of Zn, Ag and the eutectics of Ag—Cu, A 1 —Fe and A 1 —Cu. 

The alloys were prepared from very pure metals. The analysis of those 
containing 1 to 34 % nickel are given in a previous publication. 8 Additional 
alloys, containing 50, 70 and 85 % nickel respectively were prepared and analyzed 
m the Metallurgy Division of the National Physical Laboratory. To avoid 

* Bars over the symbols denote partial molar thermodynamic functions. 

5 Eastman and Evans, J. Amer, Chetn. Soc., 1924, 46, 888, 

• Bristow, Iron Steel Inst., 2nd Report, Alloy Steel Res. Comm., No. 24 (1939). 
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spurious pressure readings due to water, etc., adsorbed on the walls of the tube, 
the latter was evacuated and heated several times above the reaction temper¬ 
ature between each measurement. 

The course of an experiment was as follows. The alumina boat with the 
metal millings was placed in the silica tube. The tube was then sealed, evacuated, 
and the vapour pressure of the ice-cooled water read on the manometer. Small 
deviations from 4-56 mm. Hg were applied as a correction during the experi¬ 
ment. The tube was then heated and the equilibrium pressure noted at a series 
of temperatures. 

The water vapour reacts with the iron of the alloy to form FeO until the 
hydrogen formed reaches its equilibrium value corresponding to a constant 
value of the ratio PmolPm for an Y one alloy at a given temperature. The 
total pressure recorded by the manometer equals the sum p R%0 -f- p Ri = P. 
As the water vapour pressure is determined by the temperature of the water 
and is thus constant, the hydrogen pressure was obtained by subtracting 
4*56 mm. Hg from the (corrected) total pressure, and the equilibrium constant 
was thus obtained by the relationship 


K = — 4*56 

P Pm P - 4*56 


( 6 ) 


The complete results of measurements taken in one experiment (with the 
alloy containing 8 % Ni) are given as an example in Table I. The H a O pres¬ 
sures are of the order of several mm. Hg. The total pressure readings are 
probably accurate to ± o*i mm. Hg. This may cause a maximum error of 
± 0*005 at log K v ~ — 0*15 or, in the extreme case, the error may be ± o*o 1. 
The average error, however, is about ± 0*004. It is considered that this order 
of accuracy, although not high, should be sufficient in view of other sources 
of error. 


TABLE I 


p B = 4*1 mm. 


Time 

Temp. 

TO 

Total 

P (nun.) 


^HjO 

log K p 

1 IT X io-« 

io -45 

715 

10*0 

5-9 

456 

— 0*112 

10*11 

11*30 

715 

11*0 

6*9 

4-56 

— 0*180 

10*11 

12*00 

715 

ix -3 

7-2 5 

4 ‘ 5 t> 

- 0197 

10*11 

13*00 

715 

ii *7 

7 -f> 

4-50 

— 0*221 

10*11 

13-30 

715 

n *7 

7-0 

4 ‘ 5 <> 

— 0*221 

10*11 

15*00 

815 

10*9 

b- 8 

4 ' 5 t> 

“ 0*173 

923 

16*05 

815 

io*6 

6-5 

4 - 5 ( > 

- 0*153 

9*23 

16*25 

815 

io*6 

6-5 

4-56 

- 0*153 

923 

16*50 

900 

9*9 

5-8 

4 ’ 5 t> 

— 0*104 

8*52 

17*10 

900 

9.7 

5-6 

4 - 5 <> 

— 0*089 

8*52 

17*30 

900 

9-75 

5 

4-56 

— 0*096 

8*52 


The formation of nickel oxide in addition to iron oxide would, of course, 
affect the evaluation of the data on alloy formation. Since, however, the dis¬ 
sociation pressure of NiO is considerably higher than that of FeO, errors due 
to its formation should not occur up to relatively high concentrations of nickel. 
Moreover an electron diffraction study of oxide films formed on alloys of iron 
and nickel (some of them also containing chromium) up to 700° C at an oxygen 
pressure of 1 mm. Hg by Hickmann and Gulbranssen 7 shows that NiO never 
occurs in the oxide films, even with percentages as high as 50 % nickel (Hipemik) 
and 80 % nickel (Inconel, Nichrome). In the authors' experiments the equili¬ 
brium values measured were not reproducible with an alloy containing 85 % 
nickel, a difficulty which did not arise with any of the other alloys containing 
up to 70 %. It was therefore concluded that up to this percentage the oxidation 
is expressed completely by eqn. (2) and that no appreciable amount of NiO, 
which could affect the equilibrium values, is formed. 

7 Hickman and Gulbranssen, J. Amer. Inst. Min. Met. Eng., Techn. Publ. 
No. 2069 (194O). 
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For evaluation, all the measurements corresponding to the reaction in 
eqn. (2) must be related to (i.e. subtracted from) the equilibrium on pure iron 
(eqn. (1)). The equilibrium corresponding to this reaction therefore needs 
detailed discussion. Measurements involving the system Fe 8 0 4 —FeO—Fe— 
H a O—H a (or —CO 2 —CO) are numerous. For example, work on these systems 
has been carried out by Darken and Gurry, Cirilli, Chipman and Marshall, 
Emmett and Shultz,and Eastman and Evans. 6 The results vary within 
relatively wide limits due probably to the wide phase-fields of the oxides, to 
sensitivity of the equilibrium constants to small amounts of impurities in the 
iron used, and to the effect of thermal diffusion, mainly in static measurements. 
The results of the authors’ measurements are close to those of Eastman and 
Evans ; the slope in the log K v — i/T curve is, however, somewhat different 
for the two allotropic forms of iron. 

The final curve was drawn in the following way. At 1200° K (927 0 C) the 
values given by the observers mentioned 6 - 8 » 9 vary within the limits 

log = - 0-035 to 0-230. 

Put 

In any binary system Raoult’s law should apply to the solvent within a certain 
high concentration range which in a system such as iron-nickel should extend 
from 100 % at least down to 90 % iron (N re = 0-9 to i-o). Applying Raoult's 
law to the results obtained with the alloys containing 4, 7, 8 and 10 % nickel 
an equilibrium value for pure iron (at 1200° 1 \) of log K v — — 0-108 is obtained. 


No. of 
Runs. 

A 5 % Ni 

• 4 % Ni . .2 

4 10 % Ni . . .3 


No. of 
Runs. 

© 20 % Ni . . .4 

□ 50 % Ni . . .4 

0 7 ° % • • -5 


(•) Uncertain. 
-Fc. 


Fig. 2. 

1 All these results are collected and discussed in a recent publication by 
Richardson and Jeffes, J. Iron Steel Inst., 1948, 160, 261. 

• See also Landolt-Bornstein-Roth-Scheel, including supplementary volumes. 
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This fixes one value- Although the absolute positions of the log K 9 —x/T 
curves of the various observers show relatively large divergences the slopes 
are similar. The weighted mean of the slopes of all the curves given by Chipman 
and Marshall, Emmett and Shultz, Darken and Gurry, Cirilli, 8 Neumann and 
Gohler, Hofmann, 9 Eastman and Evans, 6 and the authors amounts to — 845 ± 25 
for the T~ l term in the log K v equation. This is consistent with the authors* 
measurements on the iron-nickel alloys at low nickel percentages. Thus the 
equilibrium constant Pmo/Pm * n the reduction of solid FeO to y-iron is repre¬ 
sented by 

log „(FeO/Fe) - - 845 . T" 1 + 0-596 . . . (6) 

The following calculations with the iron-nickel oxidation equilibria are based 
upon this equation for pure iron. It must be emphasized, however, that eqn. 
(6) is a relationship obtained from and expressing the results of the present 
measurements. It does not necessarily represent the true equilibrium constant 
for reaction (1). For this a correction must be applied for the effect of thermal 
diffusion. 

The free energy values for the reduction of Fe s 0 4 to y-iron at the temperatures 
under consideiation, according to the equation, 

JFc, 0 4 + H a = JFe(y) + H.O. 


are rather similar to those of reaction (1), the slope of the AG— T curve, however, 
is steeper and cannot be accepted if the authors' values for low concentration 
of nickel are taken into consideration. Thus, the possibility of the formation 
of Fe 8 0 4 must be omitted from the thermodynamic calculation. The O t 
pressure, i.e. the H s O/H t ratio, is determined by the FeO phase as long as some 
of it is present. 

The curve thus obtained for pure iron (eqn. (1)) and the curves determined 
for iron-nickel alloys (eqn. (2)) are represented in Fig. 2 in the form of a 


log against i/T diagram. For the sake of clarity, results from only half 
Pm 

the number of concentrations investigated are plotted. The deviations are 
the same for the other concentrations, and increase with increasing nickel 
content. 

The equilibrium constants proved to be more reproducible when a series 
of measurements was made at decreasing temperatures, i.e. at increasing oxida¬ 
tion ; more weight was therefore given to these measurements. In a few cases 
the oxidation remained almost constant during the whole series without obvious 


could not be evaluated, as was mentioned above. The complete set of results 
is summarized in the form of the thermochemical data in Table II. 


TABLE II 


Concen¬ 
tration 
of Ni 
(Weight! 
%) 

W F0 

Num¬ 

ber 

of 

Runs 

Activity a yo 

Activity Coefficient 

Entropy of Solution 
cal. /(leg. 

Heat of 
Solution 

A»,« 

(calc.) 

iooo 0 K 

1200° K 

iooo 0 K 

1200° K 

A 5 Ke (obs.) 

^FC 

(ideal) 

0 

1-0 

_ 

1-0 

i-o 

I-o 

i-o 

O 

O 

O 

3*98 

0-962 

2 

0*959 

0-981 

0-996 

1-020 

(-0-16) 

0-07 

(--75) 

5'i2 

0-951 

1 

0*959 

— 

1-007 

— 

— 

o-io 


7-00 

0-932 

I 

— 

(o- 945 ) 

— 

(1-014) 

— 

— 

— 

7*85 

0-925 

I 

0-918 

0-924 

0-992 

0-999 

o-ii 

0-16 

-85 

7*85 

0*925 

1 

(0-824) 

(0-814) 

(0-891) 

(o-88o) 

(0-52) 

o-i6 


10*16 

0-902 

3 

0-892 

0-898 

0-989 

0-996 

o-i6 

0*20 

~8 5 

I 5-40 

0-852 

3 

0-799 

0-806 

0-938 

0-947 

o *34 

0-32 

— 140 

20-43 

0-804 

4 

0-804 

o -794 

I-000 

0-987 

o *57 

o -43 

+ 140 

33-94 

0-672 

3 

0-650 

0-650 

0-976 

0*967 

0-85 

o *79 

O 

50-05 

0-500 

4 

0*520 

o -536 

1-040 

I-072 

i-oo 

1-38 

~330 

50*05 

0-500 

( 3 ) 

(o- 535 ) 

(0-562) 

(1-070) 

(1-124) 

(0*76) 

1*38 

(-580) 

70*08 

0*310 

4 

0*292 

0-304 

0-942 

0-98l 

2*07 

2-32 

— 470 

70-08 

0-310 

1 

(0-250) 

(0-26l) 

(0-813) 

(0-842) 

(2-12) 

2*32 

— 520 
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Discussion 


Evaluation.— From the log K p — i \T curves for pure iron (pE%olPm)i 
and those for the various alloys, (PmolPui)* the activities of iron (a Fe ) 
in the alloys are first calculated at iooo°Cand 1200 0 K, by means of the 
relationship 


_ (fi gio/ZWi 
Fe (PmolpHz)* 


(7) 


These values are given in Table II and plotted against the molar fraction 
(Ape) in Fig. 3. It is seen that the activities a Fe lie close to Raoult’s line 


+ 727 
0 927 

C c 

°C 


1 

m 

a Fe 


■ 

9 

u 

0-6 






B 

■ 

■ 


oz^/ 

fl 

9 

9 

0-8 


Fig. 3. 


thus indicating almost ideal solution. Therefore the activity coefficients, 
calculated for 1200° K in Table II, 

7 fc “ ff Fe/Vpe.(&) 

are not far from unity. 

Further calculations involve the partial molar entropy and heat of 
solution. The entropy of solution is obtained from 

AS Fe - -4-57 (r^|^ + loga), . . . ( 9 ) 


and the heat of solution from 


A H Fe = 


4 * 57 ^ 2 


d log a 


(10) 


The values thus obtained from the straight lines in the log K p —i jT diagrams 
are also tabulated in Table II. 

In column 9 the entropies are calculated from the formula 

A5 Fe = - 4-57 lo g n fo ■ • • (“) 

which applies to, and is indeed characteristic of, regular and ideal solutions. 
It should be emphasized that the values obtained for the entropy changes 
in alloy formation more so than the other thermodynamical functions 
are very sensitive to the slightest inaccuracy in their determination and 
it may be concluded that within the limits of accuracy of the authors’ 
measurements the entropies observed indicate a regular behaviour. The 
values appear to be a little lower at the high concentrations of nickel. 
A similar deviation has been observed in activity determinations on the 
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silver-gold system. 11 These activities could be obtained more accurately 
by electromotive force measurements. It was concluded, however, that 
measurements tend to give values somewhat too low and that the equation 
for ideal solutions (n) must be applied. It must, therefore, be assumed 
that the best representation of the entropies of solution in iron-nickel 
alloys is also that given by the ideal equation (n) and that the error 
thus involved can be only small. 

The accuracy of the calculated heats of solution in column io (Table II) 
is probably no better than ± 300 cal. for the single value. Such an 
order of accuracy is normal for measurements of this kind, but since the 
values of A H are not far from zero, the percentage error is very great. 
A tendency to negative values of A H can, however, be observed in spite 
of the error involved. It would appear, therefore, to be more accurate 
to use the small negative values observed in calculating the results, 
instead of assuming a zero heat of formation, i.c. a completely ideal solution. 

The possible error caused by the effect of thermal diffusion in the 
II 2 0-H 2 mixture can be deduced from experimental measurements. 
Emmett and Shultz 10 have determined the decomposition due to thermal 
diffusion at 400° to 500° C by a few measurements and have estimated 
further values for 700° to iooo 0 C from comparison of the results of various 
observers, obtained with either the static or the dynamic method. A 
far more extensive study of thermal diffusion in H 2 0 -H 2 mixtures has 
been carried out by Shibata and Kitagawa. 12 These observers studied 
the temperature range 400° to 1020° C with various compositions of gas, 
making 150 single measurements. These results can be represented with 
good accuracy by the equation 


log ') = 1-035 X log — 0-21 x IO- 5 (r 2 — Tj), 

V pR2 ' T* ' Pm ' T\ 

where 7 \ is the temperature of the cold end (2o°-2.5° C) and T» that of 
the hot zone. Although the application of these values results in a con¬ 
siderable modification of the absolute equilibrium values, it affects the 
differences in the H 2 0 / 1 I 2 ratios very little. It will be found that the 
alterations required in the activities and consequently in the entropy 
and heat of reduction data remain well within the limits of accuracy 
stated in the present paper and that they do not affect the calculations 
and the statements that a slight negative heat of solution though not very 
accurate is still sufficiently pronounced to prefer it to the assumption of 
a zero heat of formation. 

The partial molar values are therefore integrated to obtain the integral 
molar values of alloy formation 13 applying respectively 


AH, 



(12) 


and AS, -- f re AS Fe . d^- e = - 4 ' 57 (A'Fe log N Fe +N m log JV N1 ) (13) 

Jo iV Nl 

The curve for A II, calculated by means of eqn. (12) and mainly with 
the AH ¥e values at high concentrations (70, 50 and 34 % nickel) is given 
in Fig. 4. Its accuracy is estimated at about ± 150 cal. 

The values of AS, can be obtained directly for any concentration by 
means of eqn. (13). These data refer to the formation of y Fe—Ni alloys 
from y Fe and Ni, according to 

*F e( y ) + ym ==■ Fe*Ni v ( y ).(14) 

wherein x and y are equal to the molar fractions iV Fe and N n \ respectively. 


10 Emmett and Shultz, /. Amer. Chem. Soc., 1932, 54, 3780. 

11 Kubascliewski and Huchler, Z. Elektrochem ., 1948, 52, 170. 

12 Shibata and Kitagawa, J. Fac. Sci. Hok. Imp. Univ . (Ill), 1938, 2 , 223. 

13 See Weibkc and lvubaschewski, Thermochemie der Legierungen (Berlin, 
1943 ). 
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Free Energies of the a and y Phases.— The measurements and 
calculations above do not involve the a iron-nickel phase. The curve 
of the 4 % nickel alloy in Fig. 2 extends into the a field and should there¬ 
fore show a break due to the free energy of y —a transformation. This 
break, however, can only be slight since the differences in free energy 
between the a and y phases are very small (as is shown below). More 
over, the accuracy of measurement is not sufficient to determine the 
difference in the slope. In fact, it is considered that sufficient accuracy 
cannot be attained by any method involving equilibrium measurements, 
to justify this evaluation. The authors therefore used the following 
method to derive integral free energies of formation of the a and y phases. 

The temperature range of main interest is that from room temperature 
to about 750° C, i.e. the range of existence of a iron. The calculations 
therefore may be related to the formation of either a or y alloys from a 
iron and nickel, according to 

xFe(ct) -f y Ni = Fe*Ni,(y) . . . (15) 

and *Fe(a) -|-yNi ~ Fe*Ni,(ot) . . . (16) 

respectively, when x and y are again in the ratio of the atomic proportions 
of iron and nickel which are present in the alloys. 

y Phase.— The free energies of formation for eqn. (15) can be obtained 
from the results above, applying the Gibbs equation and considering the 
free energy of transformation of y to a iron. I11 the equation, 

A Cr 16 - A H t - TASj. - A G tr . . . ( 17 ) 

AH f represents the heat of y Fe—Ni formation from y Fe (given in Fig. 4), 



Fig. 4. 

A S f the corresponding entropy of formation (given by eqn. (13), and 
A G tr is the free energy of the transformation : [Fe] y — [Fe]*. The 
latter value is obtained from the available data for the heat capacities 
of a iron, ]3 iron and y iron * and the heats of transition a —p and ft — y . 9 
The most probable equation which is obtained from all measurements, 
but of which the evaluation cannot be discussed in detail here, is : 

[Fe] y -* [Fe]*: A G tr = - 4604-8-197 log T - 2-8 x io" 3 7 2 - 2i- 4 oT (18) 

Since eqn. (17) will be applied to various temperatures the heat 
capacity terms of the iron nickel alloy formation 

J T ?T A C 

AC, . d'T and f . dr 
0 Jo 1 
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should be involved. The heat capacities of iron-nickel alloys can, however, 
be calculated almost additively from those of the constituent elements 
as was shown by Zuithoff 14 who determined these values at various 
compositions between ioo° and 1400° C. From his measurements Zuithoff 
even calculated a C P curve of “ irreversible ” iron, that is a curve excluding 
the deviations in C p due to the two transformations. The possible 
deviations from additive C P values cannot affect the following calculations 
appreciably and thus may be neglected. It was also found by Kawakami 15 
that the heat contents of iron-nickel alloys at temperatures between 
30° and 250° C, are independent of whether they were obtained on normal¬ 
ized samples or on those quenched from iooo° C. Although quenching 
need not necessarily completely retain the y structure, some y .should 
remain, and no indication is found that the two states have a different 
heat capacity except between 15 and 25 % nickel. The deviations found 
in that range require a small correction in the following calculations which 
need not be explained in detail, and might even be neglected. 

Eqn. (17) can therefore be applied to various temperatures without 
any further correction and the free energy of formation of y iron-nickel 
(according to eqn. (15)) is obtained. The method of calculation may be 
shown by an example, say for 8oo° K (== 527 0 C) and 10 atomic % nickel. 

A H f is — 125 cal. (Fig. 4), A S f is calculated (eqn. (13)) to be 0*647, 
and consequently TAS, = -f 518 cal. A G tr for pure iron (eqn. (18)) 
is found to be — 350 cal./g. atom, so the corresponding A G ir for the mole 
fraction, * — N ¥e — o*q, according to eqn. (15), is — 330 x o*g — — 315 ; 
consequently (eqn. (17)) 

AG 15 = - 125 - 518 4- 315 = - 328 (800 0 K, N Fe = o*9). 

The complete A G JB curves of alloys of compositions up to 50 atomic % 
nickel arc calculated in this manner and are plotted in Fig. 5-7 (designated y). 

a Phase.— As there arc no equilibrium data for the a phase of the 
iron-nickel system, the free energy of formation of this phase, according 
to eqn. (t 6), must be calculated from the heat and entropy of formation. 

The heat of formation of a iron-nickel alloys is not known to have been 
determined directly. Korber, Oelsen, and Lichtenberg 16 have, however, 
measured the change in heat contents of iron-nickel alloys of various 
compositions on heating from 20° C to 1000° and 1600° C. The difference 
between their values for iooo 0 C. and the values obtained additively 
from the heat contents of the pure metals in the same atomic proportion 
is equal to the differences in the heats of formation of the reactions in 
eqn. (14) and (16) (according to Hess’s and Kirchhoff's laws).* The 
numerical values of these differences may thus be deducted from the 
corresponding heats of formation of the y iron-nickel alloys obtained in 
the present paper to give the heats of formation of the a irori-nickel 
alloys. These arc plotted as circles in Fig. 4. Although their values 
appear to be somewhat scattered, the work of Korber, Oelsen and Lichten- 
berg may be regarded as reliable. The results are given support by some 
values, plotted as crosses, derived from measurements by Zuithoff. 
In computing these, the present authors have chosen mean values for 
the range 25 0 to iooo° C, and have made allowance for Zuithoff’s use 
of the heat contents of pure iron determined by Jaeger, Rosenbolim and 
Zuithoff 17 with the same apparatus. 

14 Zuithoff, Rec. trav. chim., 1940, 59, 131. 

16 Kawakami, Sci. Rep . Tohoku, 1926, 27, 614. 

16 Korber, Oelsen and Lichtenberg, Mitt.K.W . 1 . Eisenforschang, Diisseldorf, 
1937. 19. 131. 

17 Jaeger, Rosenbolim and Zuithoff, Rec. trav. chim., 1938, 57, 1313. 

* It may be noted that this is numerically equal to the corresponding 
difference in the values at i6oo°C, which implies that the heat of formation of 
the liquid alloy from its components in the liquid state is the same as that of 
the solid alloy in the y iron state. 
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These two series of figures agree satisfactorily. The most serious 
objection which may arise is whether the a iron-nickel alloys formed in 
the experiments were in a state of equilibrium, as the calorimetric method 
applied involves relatively rapid cooling from iooo 0 C to room temperature. 
An error may be expected due to this cause, but the curve of heat of 
formation of a iron-nickel alloys up to 25 % nickel in Fig. 4 will be used 
for further calculation. 

Finally, the entropy of formation of a Fe—Ni must be derived. Since 
the entropy of formation of the y phase approaches ideal behaviour and 
since the heat of formation of the a phase is more positive than that of 
the y phase, one may assume the validity of the ideal law also for the 
a phase. It is a general experience that systems with small positive 
heats of formation conform with the relationships in eqn. (11) and (13). 

It has been stated above that the heat capacities of the a and y phases 
of the iron-nickel alloys are equal (with a small exception at 20 % nickel) 
and that they are almost additive. The free energy of the a phase is 
therefore obtained by the relationship : 

A G 16 = A H a - TAS a .... (19) 

where the heat of formation A//* is given by the lower curve in Fig. 4 
and A S a is calculated by eqn. (13). 

For the atomic fraction N Fe — 0*90 and a temperature of 8oo° K, 
A H a is + 238 cal., according to Fig. 4 and AS* is calculated to be 0*647, 
consequently TAS a = + 518 cal. The free energy of formation results 
from (19) : 

A— 238 — 518 — — 280 (8oo° K ; N Fe — 0*90). 

The complete AG 16 curves up to 20 atomic % nickel are calculated in this 
manner for various temperatures and are also drawn in Fig. 5-7 (desig¬ 
nated a). 

The actual errors will not affect the final conclusions unless they are 
more than a few hundred calories. The significant error is that found 
in the differences of the free energy curves for the two phases. The ac¬ 
curacy of the differences in the two AH curves (Fig. 4) is determined by 
the accuracy of the heat content measurements. Although these values 
were checked by two independent observers, the uncertainty of the nature 
of the product after rather rapid cooling must be considered and it may 
be assumed that this error is not less than 5 cal. per 1 atomic % nickel 
(e.g. 50 cal. at 10 atomic % nickel). The entropy of formation is calculated 
with the same formula for both a and y phases ; the difference in the 
TAS term is therefore zero. This may introduce another, but smaller, 
error: about 0*002 cal. per 1 atomic % nickel may be assumed. The fact 
that the heat capacities are possibly not quite additive must also be taken 
into account : ± 1 cal. per 1 atomic % nickel is estimated. The free 

energy of transformation of a to y iron (eqn. (18)) introduces another 
source of error of which the accuracy is estimated and represented by 
o-ooi (1100 — T) % Fe. From these figures the shaded areas in Fig. 
5-7 are derived, which represent (as mentioned above) not the absolute 
but the relative average errors. 

From the free energy curves in Fig. 5-7 the probable boundaries of 
the a— y field can be determined. Since no concave break should occur 
in the free energy diagram of stable alloys, the tangent must be drawn 
to the two curves of a and y , thus defining the phase boundaries a/a H- y 
and a -f- y/y. It is seen that the differences in free energy of the two 
phases are very small. This explains the very slow attainment of equili¬ 
brium at low temperatures as the “ driving force ” to attain it is rather 
small. The small differences between AG l8 and AG, e cause also a rela¬ 
tively large error in the phase boundaries obtained from the tangential 

18 Kubaschewski and Schneider, Z. Elektrochem,, 1942, 48, 671. 
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points. These boundaries are therefore shaded in Fig. 8 and are com¬ 
pared with the boundaries obtained by Owen and Sully. 1 * The agreement 
is as good as can be expected, considering that the free energy curves are 
obtained quite independently of any measument concerning directly 
the phase boundaries of the equilibrium diagram. 



General Conclusions.— The possibilities of the application of thermo¬ 
chemical measurements for the determination of phase boundaries of 
intermetallic systems is briefly discussed. 

If vapour pressure or electromotive force measurements are applicable 
(i.e. if the components differ widely enough in their standard potentials, 
or if one component has a considerable vapour pressure at normal tem¬ 
peratures) relatively accurate results may be expected. The Grube- 
Flad method is generally less accurate. None of these methods can be 
used to establish the unstable branches of the free energy curves so in 
order to locate the points of contact of the tangential portions of the 
curves, the stable branches must be determined with extreme accuracy 
especially in systems of low affinity. The highest accuracy is required 
in thermochemical measurements for determining the phase boundaries 
in equilibrium diagrams. Generally, heat capacity measurements 
(including the heats of transition) must also be applied. Here again a 
difficulty arises for systems of low affinity : the usual “ drop ” method, 
which was applied by Jtorber, Oelsen and Zuithoff, does not necessarily 
lead to equilibrium as the samples arc cooled relatively rapidly. True 
heat capacity measurements should be applied and the heats of trans¬ 
formation should be determined at the transformation temperature. 

The conditions of measurements may vary from system to system ; 
generally, however, it should be pointed out that the investigation is 
rather complicated and a general improvement in thermochemical methods 
is required. The accuracy of the numerical data obtained for alloy 


1# Owen and Sully, Phil. Mag., 1939, 27, 614. 
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formation by vapour pressure, electromotive force, and calorimetric 
measurements is frequently over-estimated, and the data obtained by 
such methods cannot be applied without supplementation with a con-' 
siderable general knowledge of the thermodynamics of alloy formation. 

The work described above has been carried out as a part of the research 
programme of the National Physical Laboratory, and this paper is pub¬ 
lished by permission of the Director of the Laboratory. The authors 
desire to acknowledge the suggestions made by Dr. N. P. Allen in initi¬ 
ating this investigation, and the assistance of Mr. C. A. Bristow, B.Sc., 
and Mr. A. J. Cook who prepared the iron-nickel alloys. 

National Physical Laboratory , 

Teddington, 

Middlesex. 


SPATIAL INTERFERENCE IN 
POLYMERIZATION REACTIONS 


Bv G. M. Burnett, L. Valentine and II. W. Melville 
Received 30 th May, 1949 

In computing the value of velocity coefficients for radical-radical interactions 
it is usually assumed that the radicals are uniformly distributed throughout 
the reaction space. It is therefore important to devise a method which demon¬ 
strates whether or not radical production is localized. A simple means of settling 
the matter for any given reaction system, geometry and source of radiation, 
is described and the results obtained with a number of monomers discussed. 


The rapid developments in recent years in determining the absolute 
values of the velocity coefficients of polymerization and oxidation re¬ 
actions following the realization that the determination of the life-time 
of radicals in such systems was the clue to the solution of the problem, 
have raised many questions of technique. Whereas in previous studies 
of such mechanisms it has been sufficient to establish the general kinetic 
features, i.e. variation of rate with reactant concentrations, with tem¬ 
perature, etc., it is now essential to carry out the reactions under closely 
controlled conditions if the numerical values of the rate coefficients are 
to have any real value. 

Some time ago 1 in the study of the photochemical vapour-phase 
polymerization of methyl acrylate, a method was described for estimating 
the size of the zone of reaction surrounding the zone of illumination of 
the system. This method was based on the principle of using a double 
source of illumination in which one beam of radiation could be moved 
relative to a second beam. In this way the zones of reactivity could 
be separated by any desired distance. In this particular reaction the 
rate of polymerization is proportional to the square root of incident 
intensity. When, therefore, the two zones of reactivity are brought 
into close proximity there is a diminution in the total rate of reaction 
due to the mutual interference between the radicals produced in the two 
zones of illumination. While this method can be used quantitatively 
to measure the average life-time of the radicals it also emphasizes the 
importance of the geometry of the system in photochemical reactions 


1 Jones and Melville, Proc. Roy. Soc. A, 1940, 175, 392. 
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of this type. Thus, if for any reason, there is a localized concentration 
of radicals in part of a reaction system then the rate of disappearance of 
these radicals may become abnormally fast. This effect may become 
important in liquid-phase polymerizations where optical absorption co¬ 
efficients may have high values. The result would be that the radicals 
are confined to a thin layer near the position at which the radiation enters 
the system. In computing the value of velocity coefficients for radical- 
radical interactions it is usually assumed that the radicals are in fact 
uniformly distributed throughout the reaction space. 

In comparing the velocity coefficients for such processes from a variety 
of sources there are very considerable discrepancies. For example, in the 
vinyl acetate polymerization Bartlett claims, on the basis of entirely inade¬ 
quate evidence, that the discrepancy between his and Melville and 
Burnett’s 3 results is due to this factor and that in the latter’s experi¬ 
ments this “ skin ” effect is present. There are, however, many other 
factors which can give rise to discrepancies and these need not be dis¬ 
cussed in this paper. It is, however, important to devise a method which 
will demonstrate whether radical production is in fact localized. This 
trouble could, of course, be avoided by working with monochromatic 
radiation which is only weakly absorbed, but as usual in photochemical 
experiments it is essential to use polychromatic light sources to get measur¬ 
able rates of reaction. The method described below provides a simple 
means of settling the matter for any given reaction system, geometry, 
and source of radiation. Two sources of light of similar intensity are 
placed at about equal distances on opposite sides of a reaction vessel. 
Three experiments are then carried out. First the rate of polymerization 
R v due to lamp No. 1 is measured, then that due to lamp No. 2, R if and 
finally the rate with both lamps together, R z . If the zone of reaction is 
confined to a region at the entrance windows of the reaction cell then 
R x -1 - R 2 will be equal to R 3 . On the other hand if reaction is spread 
uniformly throughout the vessel R s ~ (ft , 3 R.r)l by virtue of the fact 
that the rate of polymerization is proportional to the square-root of the 
incident intensity. 

In the work described in this laboratory unit polymerizations are 
carried out in cylindrical vessels with an internal diameter not exceeding 
1 cm. The following experiments, using a variety of systems, have been 
carried out using a 10 atm. type of capillary mercury arc, and are simply 
to illustrate the application of the method. 

Theory.— The absorption of light by a liquid medium can be assumed 
to obey the law, 

I = / 0 e~* x , 

where / 0 and I are the intensities of the incident and transmitted light, 
x the length of the light path and k an extinction coefficient, which is, in 
effect the product of the normal extinction coefficient and the concen¬ 
tration of the liquid under examination. Fig. 1 is drawn to show the 
absorption of light at values of vessel diameters and extinction coefficients 
commonly used. If a photo-reaction is carried out in a reaction vessel 
whose depth is d then the light absorbed in the vessel will be J 0 (i — e~ w ). 
If, therefore, k be large there is the possibility that the absorption of light 
will take place in a depth of liquid less than d so that non-uniform con¬ 
ditions would exist. Since it is of the utmost importance that such 
a situation should not arise in polymerization reactions, the “ two-lamp 
test ” has been devised. The theory is relatively simple. If two lamps 
are arranged so that the intensities of illumination I 0 of opposite sides 
of a reaction vessel are equal then the total light intensity at a point in 
the vessel will be 

I t = I 0 (e "* 1 + 

In a reaction in which the termination mechanism is by the interaction 
of two of the propagating chains, the concentration of active species is 
34 
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proportional to the square root of the light intensity so that for one lamp 
the concentration for the whole system will be 

(P), = A’/ 0 i J V Y d.r.(1) 

where K is a proportionality constant. In the same way with two lamps 
the actual concentration will be given by 

(P) n = KI a i + e-*<«-»>)*d*, . . . (2) 

where d is the length of the light path. The evaluation of eqn. (2) was 
carried out by plotting the function and measuring the areas under the 
curves by means of a pianimeter. A typical set of curves (for k = 1) 
is shown in Fig. 2. It is evident, from kinetic analysis that the overall 
reaction rate is proportional to the concentration of the active centres 
so that experiments can readily be carried out by determining the rate 
of reaction with two separate lamps and with both together. Now it 
is obvious that if the light is completely absorbed (for practical purposes) 
within a very small distance the effect of two lamps will be to double 
the rate, or in general, to give a rate equal to the sum of the separate 
rates. On the other hand, if there is only extremely weak absorption 
of the light the rate with two lamps will be Vi? x * 4- i? # *, where i? x and 
R* are the separate rates. It is of interest to find the amount of inter¬ 
ference and relate this to the fraction of the reaction vessel which is 
effectively filled by the light. The fractional amount of interference, 
Z , has been shown to be 1 

t gi + R* 

^i+1 

Ri + R* 

Vi?,* -f i? t * 


z = 


I 


. ( 3 ) 
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If the lamps give identical intensities at the opposite ends of the reaction 
vessel then eqn. (3) will reduce to 


2Ri — -Ri + 2 
0-414 


(4) 


Fig. 3 shows the relationship between Z and the light path d for various 
values of k. Theoretically, of course, there will be 100 % interference 
only when k is zero. Fig. 4 represents the correlation between the volume 
of the reaction system effectively occupied and the amount of inter¬ 
ference. The former was assumed to be proportional to the area under 



Fig. 2 —Radical distribution for two light sources for various path lengths (k — 1) 

the requisite absorption curve shown in Fig. 1. From this relationship 
it is possible to find what proportion of the volume of the vessel is effec¬ 
tively occupied by the free radicals propagating the reaction. In this 
way correction for the fundamental constants can be readily effected. 

In the foregoing, it has been assumed that (i) the distance of diffusion 
of the polymer chain is negligible and (ii) the convection currents which 
must be present due to the quite considerable heat of reaction will have 
a negligible transport effect so that the radicals will be confined to the 
volume occupied by the light. This is especially important in high 
absorption since it is possible that the reaction rate is very high in an 
exceptionally small volume. 

34 * 
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ViG- 3.—Relationship between 0 / o interference and the path length 
for various values of k 



Fig. 4.— Relation between % interference and effective volume 
in which reaction occurs 
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Results and Discussion 

The experiments were carried out in silica reaction vessels having a 
a diameter of about 1 cm. and fitted with a capillary of 3*5 mm. bore, 
the volume of monomer being 3*4 ml. The rate of reaction was measured 
dilatometrically using a cathetometer to follow the fall in the meniscus 
level. Two G.E.C. Osira 125-W lamps were used as sources of illumin¬ 
ation and were arranged to give approximately equal rates of polymer¬ 
ization. Purified, outgassed monomer was distilled into the reaction 
vessels which were then sealed off under high vacuum. Results are shown 
in Table I. 

TABLE I.—“ Skin Effect " for a Number of Monomers 


Monomer 

Rate for Lamp l 

Rate for Lamp 2 

Rate for both 
Lamps 

0/ 

.0 

Interference 

Vinyl acetate (r) 

0-0438 

0-0543 

0-0848 

44 

Vinyl acetate (a) 

0*0218 

0-0253 

0-0392 

52 

Methyl methacrylate (c) . 

0*0202 

0-0214 

0-0290 

100 

Methyl methacrylate (a) . 

o-oit>8 

0-0170 

00233 

100 

Styrene (ft) 

. 0-085 

0-093 

0-114 

100 

Vinylidene chloride ( c) 

0-0178 

0-0198 

0-0282 

80 


(а) A filter of 2 cm. of 50 % acetic acid was used. Difficulty was experienced 
in the case of vinyl acetate due to the warming up of the filter, it being noted 
that the rate increased during this period. Using cold acid as in the original 
experiments 3 there is little doubt that the figure of 52 % could be raised. 

(б) The polymerization was effected using benzoyl peroxide (5*8 x io~ a 
inole/ 1 .) as photosensitiser. For these requirements the wavelength was in 
excess of 2900 A, 

It will be seen that in the case of methyl methacrylate the interference 
is complete and that the results for the rate coefficients 4 are therefore 
not complicated by localized absorption. Similarly, in this case, the 
methods used in this laboratory are such as to eliminate a factor of this 
kind. Even with vinylidene chloride using the whole spectrum of the 
mercury arc there is only a relatively small tendency for the system to 
exhibit localized absorption. 

From the results of Table I the figures for the termination coefficient 
of vinyl acetate photo-polymerization need a little adjustment. If 
Bartlett and Swain’s * suggestion is correct that their terminations are 
1 /40 of Burnett and Melville’s 3 on account of localized absorption this 
would imply that 95 % of the radiation would be absorbed in a layer 
about 0*7 mm. thick so that there would be no detectable interference 
in the above experiments. Taking the value of 52 % interference from 
Tabic I, the percentage effective volume for reaction is 25 %. This 
corresponds to a factor of 4*0 and hence k t = 4 x io 8 which is still in 
excess of Bartlett and Swain’s results by a factor of about 10. 

In making these modifications to rate constants there is another factor 
which must be mentioned. In some reactions mono-radicals are involved, 
in others di-radicals. Kinetically the important matter is the interaction 
of a radical end with monomer or other molecules and with other radical 
ends. In the original vinyl acetate work the calculations were based on 
the rate of production of di-radicals. Adopting the above convention, 
therefore, the rate of initiation should be multiplied by a factor of 2. 

* Swain and Bartlett, J. Amer. Chent. Soc., 1946, 68, 2381. 

8 Burnett and Melville, Proc. Roy. Soc. A , 1947, 189, 456. 

4 Mackay and Melville, Trans. Faraday Soc., 1949, 45, 323. 
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The old and new methods of calculations are shown in Table II. The 
termination is also further corrected for localized photochemical action 
giving the final result shown in that Table. ' 

TABLE II 

Temp. 25 0 C 



mole/f.see. 

kt 

mole/l.sec. 

Di-radical . . . 

IIOO 

3*10 X 10® 

Mono-radical . . 

Mono-radical corrected for local¬ 

780 

1-55 X 10® 

ized absorption 

780 

3-92 X io 8 


There is one other factor which will tend to - counteract localized 
absorption affects and that is convection. Although the temperature 
rise owing to reaction is kept at a minimum the effect cannot wholly be 
avoided. Convection currents are thus set up. Further, since radical 
life-times may be as high as io a sec. the polymer radical can be trans¬ 
ported quite considerable distances during its period of growth. This 
will tend to even out radical concentration gradients. The calculation 
of this effect is very complicated but experimentally it could readily be 
estimated by introducing small opaque particles into the polymerizing 
system and observing their motion. This technique has already been 
successfully used in the much more difficult problem of delineating infra¬ 
red spectra. 5 

We thank the Department of Scientific and Industrial Research for 
a Senior Award to G.M.B. and a maintenance allowance to L.V. The 
vinylidine chloride used during these experiments was kindly supplied 
by the Distillers Company Limited. 

Chemistry Department, 

University of Birmingham. 

6 Sutherland and Lee, Report Prog. Physics , 1948, 2, 144. 


MOLECULAR INTERACTION IN MIXTURES 
OF ESTERS 

PART I.—THE VOLUME CHANGES ON MIXING 


By P. Meares 

Received 20th January, 1949; as revised, 13 th June, 1949 

Three mechanisms are suggested as contributing to the volume changes on 
mixing. There is always a contribution due to the difference between the 
cohesive energy of the components in the separated and mixed states. A geo¬ 
metric effect occurs only when there is a large difference between the molecular 
sizes of the components. The magnitude of each of these contributions is 
estimated from data for related mixtures of esters. In a few cases a third con¬ 
tribution to the volume change is important; this arises from a large difference 
between the cohesive energy densities and compressibilities of the pure com¬ 
ponents. 
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In general, when two different, liquids are allowed to mix at constant 
pressure there is a change in the total volume of the system. While the 
influence of this volume change on the thermodynamic properties of the 
system has been considered by Hildebrand 1 and a quantitative treatment 
has been given by Scatchard 1 little attention has been devoted to the 
underlying physical processes. X-ray investigations have established 
that most molecules in a liquid have a certain fixed number of neighbours 
situated at a well-defined average distance. The molecules of non-associ- 
ated liquids at a temperature not too close to the freezing point may, 
to a first approximation, be regarded as occupying spherical volumes, since 
the absence of strong localized forces enables them to rotate freely in all 
directions. Molecules in the liquid state tend therefore to be hexagonally 
close-packed. 

In a mixture, when the ratio of the molecular diameters of the two 
comj>onents is less than 1*25/1 the molecules can freely replace each other 
without seriously disrupting this arrangement. When the molecular 
diameter ratio is larger, there may be a geometrical rearrangement. If 
the molecules can be arranged so as to increase the number of nearest 
neighbour contacts between them or increase the area of molecular sur¬ 
face effective in each contact, then the volume will decrease. The volume 
of a pure liquid also depends upon the nature of the chemical groups 
determining the attractive forces between neighbouring molecules. 
Weakening the attractive forces without changing the shape and arrange¬ 
ment of the molecules would lead to an increase in their average separation, 
since equilibrium must be maintained between the attractive and repulsive 
forces. 

When two liquids are mixed, changes may occur in both intermole- 
cular forces and geometrical arrangement, hence both effects contribute 
to the volume change. If, as is frequently assumed, the interaction 
energy between a pair of unlike molecules is the geometric moan of the 
interaction between each molecule and another of its own kind, then the 
total energy of molecular interaction is not greater in the mixture than 
in the jmre components and the liquids tend to expand on mixing. When 
there is a geometrical rearrangement this will usually act so as to bring 
the molecules into close contact over a larger area of their surfaces. 
Thus the two processes contributing to the change in volume will fre¬ 
quently act in opposition to each other. 

It was the purpose of this investigation to determine the relative 
importance of these two effects. By using a homologous series of com¬ 
pounds it has been possible to vary gradually the intermolecular forces 
without greatly affecting the size and shape of the molecules. The 
liquids examined were all esters ; these are normal liquids but have moder¬ 
ately polar groups contributing to the intermolecular forces. 

Experimental 

The volume changes on mixing were obtained from the densities of the pure 
components and of the mixtures. A pyknometer of about 1 ml. capacity, 
calibrated at 20° C with freshly distilled water, was used. The components 
of the mixtures were buretted into small weighed bottles fitted with carefully 
ground stoppers. The bottles were reweighed after each addition and the 
densities of the pure components used to calculate the volume compositions 
of the mixtures. Buoyancy corrections were applied to all weighings ; these 
were recorded to o*oooi g. though the accuracy was considerably greater than 
this. The thermostat was set at 20° d: 0*05° C and maintained constant to 
±5 X 10 ~ 4 0 C. At 20° C the temperature coefficient of the densities of esters 
is about o*ooi g./ml. deg., hence the uncertainty in the mean thermostat tem¬ 
perature caused an uncertainty in the absolute values of the densities of o*oooi 
g./ml. ; they were repeatable to ± o*oooi g./ml. 

1 Hildebrand, Solubility (Chemical Catalogue Co., New York, 1st Ed. 1924), 
Chap. VI, p. 63. * Scatchard, Trans. Faraday Soc 1937, 33 » 160. 

34 
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The esters were dried with anhydrous potassium carbonate and purified 
by fractional distillation ; they were always freshly dried and redistilled before 
being used for density measurements. The ethyl acetate was Hopkin and[ 
Williams a.r. grade; the fraction used boiled at 77-1° C at 758 mm. 1 : 3- 
Butanediol diacetate (this will be abbreviated to BDA) was supplied by Canadian 
Resins and Chemicals Ltd. The purified product distilled between 92 0 and 94 0 C 
at 13 mm, (cp. Kulpinski and Nord 8 ). The diethyl esters were pure materials 
and were treated as described above. The dibutyl esters and the dialkyl phthal- 
ates were specially prepared materials supplied by the Geigy Colour Co. Ltd. 
Their specimens of dimethylglycol and di-/?-chlorethyl phthalates were dried 
and distilled under reduced pressure. 


Results 

The densities and molar volumes of the pure esters are presented in Table 1. 
TABLE I. — Densities and Molar Volumes of Esters at 20° C 


Ester 

Density 

Molar Volume 

(g./ml.) 

(ml.) 

Ethyl acetate .... 

C9002 

97-88 

1 : 3 -Butanediol diacetatc 

1-0328 

168-67 

Diethyl oxalate .... 

1-0785 

J 35*51 

Diethyl malonate 

1*0544 

i5i'9* 

Diethyl succinate 

1-0413 

167*29 

Diethyl adipate .... 

1-0128 

199-70 

Diethyl diethylmalonate 

0-9880 

218-78 

Diethyl sebaeate .... 

0-9655 

267-60 

Dibutyl oxalate .... 

0-9884 

204-03 

Dibutyl malonate .... 

0-9827 

220-10 

Dibutyl succinate .... 

0*9770 

*35*73 

Dibutyl adipate .... 

0-9620 

268-58 

Dibutyl sebaeate .... 

0*9367 

335*73 

Dimethyl phthalate 

1-1908 

163-08 

Diethyl phthalate .... 

1*1183 

>9874 

Di-w-propyl phthalate 

1-0767 

-3-'47 

Di-w-butyl phthalate 

1-0465 

265-99 

Di-isobutyl phthalate 

1-0412 

*^7*35 

Di-tt-amyl phthalate 

1-0243 

*99-14 

Dimethylglycol phthalate 

1-1698 

241-32 

Di-/J-chlorethyl phthalate 

1*3268 

219-44 


Two series of mixtures have been investigated ; in the first BDA was mixed 
with each of the esters of the dicarlxixylie acids and in the second ethyl acetate 
was mixed with each of these esters. The mixture of BDA with ethyl acetate 
has also been examined. The fractional volume changes (AF/f T 0 ) for mixtures 
containing equal volumes of the two components are presented in Table II ; 
an expansion on mixing is designated positive. Six mixtures have been in¬ 
vestigated over a range of concentrations ; these data are shown graphically in 
Fig. 2 . 

Discussion 

It is generally recognized that the cohesive forces between molecules 
may be regarded as composed of three contributions. These are the 
London dispersion forces, the interaction of dipoles with dipoles and of 
dipoles with induced dipoles. In the absence of electrostatic long-range 
forces, such as exist between ions, the intermolecular energies in a liquid 
all diminish as r~«, where r is the distance between the interacting centres, 

3 Kulpinski and Nord, J. Org. Chem. t 1943, 8, 256. 
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i.e. the separate atoms which form each molecule. Owing to the short- 
range character of the forces the potential energy of attraction between 
two neighbouring molecules is due almost entirely to the interaction of 
the one or two adjacent atoms at the molecular surfaces in contact. Thus, 
from the point of view of the intermolccular forces, the surface of a mole¬ 
cule is made up of different areas representing the various chemical groups 
in the molecule. 

TABLE II.— Fractional Volume Changes on Mixing Equal Volumes 
of Components at 20"' C 


JCster 


1 : 3 -Butanediol diacetate 
Diethyl oxalate . 

Diethyl male 11 ate 
Diethyl succinate 
Diethyl adipate . 

Diethyl diethylinalonate 
Diethyl sebacate . 

Dibutyl oxalate . 

Dibutyl inalonate 
Dibutyl succinate 
Dibutyl adipate . 

Dibutyl sebacate 

Dimethyl phthalate 
Diethyl phthalate 
Di-w-propvl phthalate . 
Di-w-butyi phthalate 
Di-is'ebutyl phthalate . 
Di-w-arnyi phthalate 

l )imethylglycol phthalate 
1 M-jS-chlorothyl phthalate 


In esters there are two types of molecular surface, the non-polar 
hydrocarbon groups and the polar carboxyl residues, --COO—. Since 
a methylene group, —CH 2 —, and an oxygen atom each have the same 
number of electrons in the outer shell, Slater and Kirkwood’s 4 treatment 
shows that the dispersion forces are almost equal for any contact between 
two ester molecules. When two carboxyl residues approach close to 
one another there is an extra atrractive force arising from the interaction 
between the dipoles in these two groups. The cohesion between a carboxyl 
residue and a methylene group will be slightly greater than the con¬ 
tribution of the dispersion forces alone owing to the small polarizability 
of the hydrocarbon group. Thus the molar cohesive energy of the 
members of a homologous series of esters changes gradually" in ascending 
the series as the proportion of hydrocarbon groups to carboxyl residues 
varies. 

When two esters have equal ratios of hydrocarbon to carboxyl residue, 
their intermolccular forces will be similar, and hence there will be no change 
in the forces on mixing. When the molecules of the esters are also similar 
in size and shape there should be no volume change on mixing ; when 
there is a size difference the volume will change if a more compact ar¬ 
rangement of the molecules is possible in the mixture. These conclusions 
can be verified from the data in Table II. BDA and diethyl succinate 
are isomeric and differ only in the position of the bond between the 

4 Slater and Kirkwood, Physic. Rev., 1931, 37, 682. 


Mixed with 
Ethyl Acetate 


— 0*002 5 

— 0-0028 
— 0-0020 

0-0025 
— 0*0028 
0-002 3 
— 0-0018 

— 0-0020 
- 0-0020 
— 0*0020 
-- 0-001 (> 
0-0009 

— 0-0075 
- 0-0047 

— 0-0038 

— 0-0027 
-- 0-0026 
--- 0-0018 I 

l 

00074 , 

— 0*0078 | 


I Mixed with 
I 1 : 3-HutanedioI 
Diacetate 


— 0-0005 
0-0001 

-J- 0*000 I 
- 4 - 0 0003 
-f 0*0002 
j o-ooii 

-|- 0-0001 
-h 0*0003 
-j- 0-0006 
-j- 0-00 I i 
i 0-0022 

O-O 0 T 2 
r o-oooi 
: 0-0006 
-r 0-0011 
-< 0-0009 
-j- o-ooi 2 

0-001 I 

— 0-0014 


Difference 

(Geometrical 

Contribution) 


— 0*0025 

— 0-0023 

— 0-0019 

— 0-0026 
0-0031 

— 0-0025 

— 0-0029 

* 0-0021 

— 0-0023 
0-0026 

— 0-002 7 

— 0-003I 

0-0063 

— 0-0048 

— 0-0044 

— 0-0038 

(VOO35 
- 0-0030 

— 0-0063 

— 0-0064 
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symmetrical halves of the molecules ; their molecules may be regarded 
as two molecules of ethyl acetate joined by the eliminations of two hydrogen 
atoms : 


CH.-CH 3 CH f -CH a CHj-CHj—CH~CH 8 

i I II 

o o o o o o o o 



CHj-CH, CH 3 CH s 

Diethyl succinate i : 3-Butanediol diacetate. (BDA) 

No volume change would be expected on mixing these two liquids and 
this is confirmed by the result. Ethyl acetate has a hydrocarbon to 
carboxyl residue ratio equal to that of BDA and diethyl succinate but 
its molecules are about half as large as those of these diesters. On 
mixing ethyl acetate with either, there should be a volume change re¬ 
sulting from a geometrical rearrangement and a contraction of 0*0025 
was observed in both these mixtures. 

When a modification of the intermolecular forces and a geometrical 
rearrangement both contribute to the volume change it is desirable to 
be able to differentiate between these two effects. For liquids which mix 
without a molecular rearrangement Scatchard 2 has predicted an expansion 
quantitatively related to the energy of mixing. In Part II it is shown 
that, with one exception, this hypothesis is obeyed by the mixtures of 
BDA with the aliphatic diesters. Since the molar volumes of these 
diesters are not very different from that of BDA, no geometrical rearrange¬ 
ment is probable and it may be concluded that the volume change is 
determined only by the intermolecular forces. Since ethyl acetate and 
BDA have similar intermolecular force fields, when either is mixed with 
a diester the modification of these forces will be closely related. Thus 
the volume change in the mixture containing BDA, due only to this change 
in forces, also occurs in the mixture containing ethyl acetate, but in the 
latter case there is a further change due to a molecular rearrangement. 
Thus the difference between the volume change on mixing BDA with an 
aliphatic diester and that on mixing ethyl acetate with the same diester 
gives the contribution due to this geometrical effect. 

The fractional volume change for mixtures containing equal volumes 
of the two components (Table II, columns 2 and 3) is a suitable quantity 
for comparison. The fourth column of Table II, which is the difference 
between the second and third columns, gives the volume change due to 
the molecular rearrangement on mixing the diesters with ethyl acetate. 
This quantity is fairly constant for the mixtures with the eleven aliphatic 
diesters and agrees with the value of the geometrical effect found for the 
mixture of ethyl acetate with BDA. The effect appears to increase 
slightly in ascending the homologous series which is to be expected since 
the extent of the molecular rearrangement will increase as the size dis¬ 
parity of the component molecules increases. 

The theory of Scatchard predicts from the energies of mixing an ex¬ 
pansion for these mixtures containing ethyl acetate, whereas in every 
case a contraction has been observed. This disagreement is explained 
by the fact that there is a geometrical contraction which, in every case, 
is larger than the expansion due to the change in the intermolecular 
forces. This latter effect increases as the series is ascended while the 
geometrical effect remains constant so that the magnitude of the resultant 
contraction decreases. The extent of the geometrical rearrangement 
must be small since the contraction is only 0*25 %; it is due to local 
changes rather than a fundamental change in the system of packing 
of the molecules. Since the molecules are not perfect spheres there will 
be some gaps in the hexagonally close-packed arrangement not caused 
by thermal agitation. The ethyl acetate molecules, being smaller, are 
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able to fit on mixing into some of these holes in the liquid diesters, re¬ 
storing the ordered arrangement in otherwise imperfectly ordered regions. 

The contraction in the mixture of BDA with diethyl oxalate is caused 
by a strengthening of the intermolecular forces on mixing. There is a 
strong attractive force between the two electropositive carboxyl carbon 
atoms of the oxalate and the electronegative carbonyl oxygen atoms of 
the neighbouring ester molecules. This produces orientating forces which 
tend to pull the molecules closer together and so decrease the volume of 
the mixture. Since the difference between the volume changes on mixing 
diethyl oxalate with BDA and with ethyl acetate gives the expected 
value for the geometric contribution these orientating forces have the 
same effect in the latter mixture. Dibutyl oxalate does not behave 
similarly since the butyl groups are large enough to screen the carboxyl 
aerbon atom of the residue to which they are not attached. 


B DA Mixtures 



Ho. 1.---Volume changes on mixing the phtlialates with ethyl acetate (EtAc) 
and with 1 : 3-butanediol diacetate (BDA). 

Data for the volume changes in mixtures of ethyl acetate and BDA 
with the phthalates are also presented in Tables I and II. The mole¬ 
cules of BDA are comparable in size with those of the phthalates, and 
the ethyl acetate molecules are about half as large so the same con¬ 
siderations as with the aliphatic diesters should apply regarding a geo¬ 
metrical rearrangement on mixing. However, in three of the eight 
mixtures of BDA with phthalates there was a contraction ; this is in 
disagreement with the theory of Scatchard. It is shown in Part II that 
the expansions in the mixtures from di-w-amyl to di-w-propyl phthalate bear 
the predicted relation to the energies of mixing, while the expansion with 
diethyl phthalate is much too small. The contractions with the dimethyl 
ester and with dimethylglycol phthalate are quite irregular and that with 
di-p-chlorethyl phthalate is larger than expected from the small negative 
energy of mixing. Table II shows that there was a contraction for all 
mixtures of ethyl acetate with the phthalates. These volume changes 
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are parallel to those in the BDA series, a decreasing contraction being 
equivalent to an increasing expansion. The existence of a quantitative 
connection between the two sets of values is indicated by the smooth 
curve obtained by plotting the data for the ethyl acetate series against 
those for the BDA series (Fig. 1). 

The difference between the volume changes for the two series of 
mixtures (Table II, column 4) is not constant. It decreases as the series 
of phthalates is ascended to a value not very different from that found 
with the aliphatic diesters. Since the fixation of the ester groups on the 
benzene ring will make the phthalate molecules cylindrical rather than 
spherical, the geometric contribution may be somewhat larger in these 
mixtures and the value of about — 0*0037 f° r the phthalates from di-w- 
propyl to di-w-amyl is therefore quite reasonable. The very large differ¬ 
ence (— 0*0063) found for the mixtures containing dimethyl, dimethyl- 
glycol and di-0-chlorethyl phthalates is not a simple geometrical effect. 
The cohesive energy densities or energies of evaporation per ml. at 20° C 
of the phthalates, given in Table III, have been obtained for four phthalates 

TABLE III.— Cohesive Energy Densities (C.E.D.) of the Phthalates 


Substance 

C.E.D. (cal./ml.) 

Dimethyl phthalate 

109-8 

Diethyl phthalate .... 

98-6 

Di-w-propyl phthalate 

933 

Di-w-butyl phthalate 

90-0 

Di-w-amyl phthalate 

850 

Dimethylglycol phthalate 

107-7 

Di- 0 -chlorethyl phthalate 

116-2 

1 : 3-Butanediol diacetate 

83-0 


from the data of Small, Small and Cowley 5 and for the remainder from 
Hildebrand’s rule with correction from the boiling point to 20° C. The 
difference between the cohesive energy densities (C.E.D.) of dimethyl, 
and diethyl phthalates is much larger than that between di-w-propyl, 
di-w-butyl and di-w-amyl phthalates. The molecular size and shape of 
dimethyl-glycol and di-w-butyl phthalates are very similar, but the 
substitution of —O— for —CH 2 — increases the C.E.D. by 17 cal./ml. 
There is a similar increase when two hydrogen atoms in diethyl phthalate 
are replaced by chlorine atoms. The C.E.D. of BDA is included in Table 
III for comparison. 

A mixture of components of widely different cohesive energies usually 
shows positive deviations from Raoult’s law, the binding forces between 
unlike molecules being comparatively weak an expansion on mixing would 
be expected. However, substances of low cohesive energy have high 
compressibilities and vice-versa, thus the molecules of the liquid of low* 
cohesive energy become compressed by the surrounding molecules of the 
other component. This explains the contraction in mixtures of BDA 
with dimethyl, dimethyl glycol and di-£-chlorethyl phthalates and the 
very small expansion in the mixture with diethyl phthalate. Ethyl 
acetate molecules are smaller than BDA molecules and, although they 
have similar cohesive energies, ethyl acetate is more compressible. 
This accounts for the large difference between the volume changes in the 
two series of mixtures, the extra compression in the ethyl acetate mixture 
augmenting the geometrical effect. Contraction in mixtures of com¬ 
ponents having very different cohesive energies is a general phenomenon. 
For example, in mixtures of hydrocarbons with alcohols there is a con¬ 
traction accompanied by an absorption of energy and positive deviations 
from Raoult's law. 

5 Small, Small and Cowley, Trans. Faraday Soc., 1948, 44, 810. 
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The Concentration Dependence of the Volume Changes.—Let the 

volume fraction in the mixture of the component of smaller molecules 
be v x and of the other component v r For unit volume of mixture, the 
volume of holes initially in the component of larger molecules is pro¬ 
portional to v %t and the probability of a hole being filled in the mixture 
is proportional to v x . Hence the fractional volume change due to the 
geometrical effect AV 9 is given by 

AVg === kgVyV 

where k g is a constant for the mixture. 

The volume change due to the modification of the intermolecular 
forces on mixing AV f has been investigated by Scatchard 2 who found 
the expression : 

AV f — k f K Q v x v % ; 

k f is a constant, and * 0 , the compressibility of the isolated components 
is given by 

k q — v x k x + v 2 k 2 

where k 1 and * 2 are the compressibilities of the pure components. 



Fig. 2.-— Concentration dependence 
of volume changes. 

• Ethyl acetate and dimethyl 

phthalate. 

© Ethyl acetate and di-w-butyl 

phthalate. 

O Ethyl acetate and di-w-amyl 

phthalate. 

O l : 3-Butanediol diacetate and 
diethyl oxalate. 

© i : 3-Butanediol diacetate and 
di-w-propyl phthalate. 

O i : 3-Butancdiol diacetate and 
dibutyl sebacate. 


When the C.E.D. of the two components differ markedly let component 
i have the lower C.E.D. The excess cohesive energy in the mixture 
over its value in pure component i is 

i>j(L t — L t ), 

where L x and L % are the C.E.D. of the pure components. This expression 
is not exact since it neglects the energy of mixing but the error is less 
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than i % in all these mixtures. Thus the compression of component i 
in the mixture is 

-Ci)# 

where ft is the compressibility of a small cluster of molecules of component 
i (this will be smaller than the macroscopic compressibility * t ). An 
identical expression with the subscripts interchanged may be derived 
for the corresponding expansion of component 2. The difference between 
these two expressions is the volume change due to the compressibility 
and cohesive energy difference between the components and may be 
written as 

AF C = k'VyVv 

where k e = (L, - £.,)(& - fi t ). 

Thus two of the contributions to the volume change have the form 
kv t v v while the contribution due to the intermolecular forces is affected 
by the concentration dependence of * 0 . Since the compressibilities of 
organic liquids do not differ greatly, this dependence is only slight. The 
fractional volume changes for six mixtures plotted against the com¬ 
position by volume appear in Fig. 2. The curves are all drawn to the 
form kv x Vo and coincide with the experimental points within the limits 
of error. The data are not sufficiently accurate to determine the precise 
form of the curves. 
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cussions and for his interest in this work which was carried out during 
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Faraday Research Laboratory. 
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THE SECOND VIRIAL COEFFICIENTS 
OF POLAR GASES 


By J. S. Rowlinson 

Received 24th March , 1949 ; as revised 2 yd June , 1949 

An expression is calculated for the second virial coefficient of a gas com¬ 
posed of spherical molecules whose intermolecular potential has a repulsive 
term proportional to r~ 18 , an attractive term proportional to r~*, and which 
have point dipoles at their centres. The method is that used by Stockmayer. 
A Table is given for this function for suitable values of the temperature and the 
dipole moment. The calculated values fit the experimental results for nine 
polar gases. The dipole energies of interaction and equilibrium distances of 
separation are calculated. The results are compared with those derived pre¬ 
viously by an alternative treatment, using the law of mass action. In both 
cases, molecules that can form hydrogen bonds differ significantly from other 
polar molecules. 


1. Introduction.—The second virial coefficient of a polar gas can 
yield useful information about the forces acting between the molecules. 
Two methods, apparently very different, have been used to interpret 
such measurements. In this paper the method of Stockmayer is applied, 
with slight modification, to the observed values of the second virial co¬ 
efficients for the nine polar gases for which reliable results are available, 
viz., water, ammonia, methyl alcohol, acetonitrile, acetaldehyde, acetone, 
methyl chloride, ethyl chloride, and chloroform. The results are com- 
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pared with the interpretation offered by Lambert, Roberts, Rowlinson, 
and Wilkinson 1 and by earlier authors.*' 3 

The method of Stockmayer 4 is an exact treatment of the second virial 
coefficient of a gas composed of spherical molecules which attract accord¬ 
ing to the 6th power of their separation, repel according to the power s, 
and have, in addition, a point dipole at their centre. He used classical 
methods throughout but showed that quantum corrections were negligibly 
small. If this is a satisfactory model for the molecule in question, there 
is no doubt about the validity of his result. Stockmayer worked both 
with 5 infinite (hard-sphere model) and equal to 24. He fitted the 
experimental results for water and ammonia at relatively high tempera¬ 
tures to his expression for the virial coefficient. Hirschielder, McClure 
and Weeks 6 repeated Stockmaycr’s calculations with the more usual 
value of s — 12, but also only for high temperatures. Before this treat¬ 
ment can be extended to the seven other gases considered here, Stock- 
mayor’s expression must first be evaluated for lower temperatures. 
5 will be put equal to 12. 

The second method of interpretation was originally applied by 
Alexander and Lambert to their results on acetaldehyde. 2 Here use is 
made of the experimental fact that the Berthelot equation appears to 
account for all the forces acting between molecules except the dipole- 
dipole forces. The difference between the observed virial coefficient 
and that calculated by the Berthelot equation is therefore ascribed to 
these forces, which are assumed to cause a small reversible dimerization 
which may be treated by the law of mass action. This treatment fails 
for acetone and methyl alcohol. A more detailed description has been 
given elsewhere, 1 and is further amplified below. 

2. Stockmayer*s expression for the second virial coefficient.— 
Stockmayer starts from the expression for the second virial coefficient 
given by statistical mechanics, 

B — — f fff (1 — e~ EiRT) Y i # sin e x sin 0 2 . drd^d^d^, 

where E is the potential energy of two molecules (referred to E — o at 
infinite separation). In general, E is a function of r, the distance of separa¬ 
tion, of and 0 2 , the angles made by the dipoles with the line joining 
their centres, and of <f>, the angle between the planes which pass through 
the line of centres and contain the two axes. For non-polar molecules 
it is usually assumed that E is so little dependent on orientation that an 
average value may be taken and the integration is performed for only 
one co-ordinate, the distance of separation. The triple integral over 
B lt 6 2 and ^ then becomes Sn. This is not so for polar molecules, where 
E now depends so strongly on the mutual orientation that these co-ordinates 
must be considered separately. Following the method of Lennard-Jones, 
Stockmayer expands the integral as a series of T-functions, and gives an 
expression for B that reduces to the following when a* — 12, 


-- fwW.aV* r(i)-i £ 


/ n \ (2fi — 2 k — 1 \ 

» K %Z 2 U J r v 1 ) a. 

! 2. ~ 2«+I ' 0<>» + «>/2 ’ 


n~l 


where G = 5 * — VI - and etc. de: 

rfto 2m + 1 


demote binomial coefficients. 


1 Lambert, Roberts, Rowlinson and Wilkinson, Proc. Roy . Soc. A , 1949, 
*96, 113. 2 Alexander and Lambert, Trans. Faraday Soc., 1941, 37, 421. 

8 Schafer and Foz Gazulla, Z. physik. Chem. B, 1942, 5a, 299. Foz (Gazulla) 
and Vidal, Anal. Fis. Quint., 1947, 43> ^4 2 - 

4 Stockmayer, J . Chem. Physics, 1941, 9, 398, 863. 

Hirschfelder, McClure and Weeks, ibid., 1942, 10, 201. 
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d is the collision diameter, defined as the distance of separation at which 
E would be zero in the absence of the dipole forces (cf. Fig. 1) ; 


m 


d 

Fig. 1.— The energy of interaction of two molecules with the dipoles in the 
attractive end-on position, for different values of t, the reduced dipole energy 
as defined in eqn. (2.2). When t — o, the minimum value of E(r) is — c and 
l£{r) — o when r (the distance of separation) - d. 

9 is the “ reduced temperature ", given by /cl’/c, where c would be the 
maximum energy of interaction in the absence of the dipole forces. 

t is a pure number which may be called the ** reduced dipole energy 
It is defined by 

t - 8'* . (n‘led 3 ) .(2.2) 

where n is the dipole moment. It is a measure of the relative contribution 
to B of the dipole and non-polar forces, since it is the ratio of a dipole 
energy term (ft 2 /^ 8 ) to c. The factor 8“* is introduced solely for mathe¬ 
matical convenience. 

Eqn. (2.1) may be written, 

B = ( *l$)wNd 3 . F( 9 , t), 

and before any use may be made of it, F( 9 , t) must be evaluated for all 
likely values of 9 and t. The only computation of this kind that exists, 
is that of Hirschfelder, McClure and Weeks, 6 which is confined to the 
range 9 > 1. The experimental results used in this paper require 
F( 9 , t) at much lower temperatures. Here, unfortunately, the series 
converge very slowly, but by taking 25 terms in the summation for n , 
it was possible to find F( 9 , t) for all reasonable values of t in the range 
0-3 < 9 < 2*0. The results are given in Table I, where the accuracy 
aimed at was 1 part in 1000. The figures for 9 > 1 agree with the cal¬ 
culations of Hirschfelder, McClure and Weeks. 
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3. The Dipole Energy of Interaction.—The two quantities which it 
will be most useful to calculate are the maximum value of the dipole 
energy of interaction and the equilibrium distance apart of the molecules. 
The attractive energy of two dipoles has its minimum value of — 
when the dipoles are in the end-on position. The total energy will then 
be given by 



Some of these curves are shown in Fig. i. On putting — o, a 

cubic equation in ( d/r 0 ) 8 is obtained, where r 0 is the stationary value. 
This has only one real root if t >2/^27, and it may be shown that it 
has only one real positive root if t <2/^27. The real positive values 
of r 0 are given by 



V3 sec 
V2 * sech 


<j>, where 


cos 

cosh 


3<£ = 2//V27. 


This equation was used to calculate the values of r 0 in Table I. The 
maximum energy of interaction E 0 is found by putting r — r 0 in eqn. 
(3.1), which gives 


E 0 


• co \ * r\ *+ 

3 cosh \cosh 



The dipole energy of interaction, A U, given in Table I, is (E 0 — c). 

4. Treatment of the Experimental Results.—The three variable para¬ 
meters in the expression for the virial coefficient are d, c and t. The ex¬ 
perimental facts that must be known to determine these are the absolute 
value of B, its variation with temperature, and the dipole moment. 
Two further tables were calculated from Table I (not reproduced). First, 
a table for H( 9 , t), where H(0, t) as (d/t) . F(6, t), and secondly a logarithmic 
difference table which gave the mean slope over each interval of 

log 10 [- F(e, <)]/log,, 0 . 

From the definition of t (eqn. (2.2)), it follows that 


B 

m t) 


= $nNd* 


3231 fi *0 
T.f* 


where B and Nd 3 are measured in ml. /mole, fi in debye, and T in °K. 
Therefore, 


BT 

3231/^ 


- H(0, t). 


The left-hand side of this equation contains only observable quantities 
and so can be evaluated from the experimental results. Values of 
H( 0 , l) compiled in this way were compared with the Table and a fit 
found for values of 6 and t so not only was H(d, t) correct, but also the slope 
of a plot of log 10 (— B)l\og 10 T agreed with the value of 

logic [- F(8, 0]/log 1D 8, 

In this way, the virial coefficients shown in Table II were calculated. 
The values chosen for the parameters, together with r 0 and A XJ, are 
shown in Table III. The experimental data for water and ammonia are 
taken from the equations of Keyes, quoted by Stockmayer. 4 The values 
for ammonia are confirmed by recent measurements in this laboratory 
by Mr. E. D. T. Strong. The results for methyl chloride are those quoted 
by Hirschfelder, McClure and Weeks. 6 Those for acetaldehyde are from 
the measurements of Alexander and Lambert, 2 and those for acetonitrile, 
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methyl alcohol, acetone, ethyl chloride and chloroform from the measure¬ 
ments of Lambert, Roberts, Rowlinson and Wilkinson, 1 The calculated 
values are very sensitive to the value used for the dipole moment. The 
figures used are shown in Table III. 

TABLE II 

(All values of B in ml./mole) 


Water 

T° C 4° 7° 100 150 200 300 400 

—B (expt.) . 976 638 450 284 197 112 72 

— B (calc.) . . 980 635 460 290 202 115 74 

—B (Berthelot) . 421 348 292 223 175 114 77 

Ammonia 

T° C . . — 30 o 30 60 100 150 200 250 

B (cxpt.) . 560 367 2O1 197 *43 103 77 59 

-B (calc.) . . 560 370 265 195 145 105 78 60 

-B (Berthelot) . 327 255 203 165 127 94 71 54 


Methyl Alcohol 


r° e . 

Go • 

80 

100 

120 

— B (cxpt.) 

1220 

iOOO 

790 

6 20 

-B (calc.) . 

12 70 

980 

760 

590 


(The calc, value at Go 0 C depends on a small extrapolation d 


A cetonitnle 


T* C . 50 

70 

90 

no 

139 



B (expt.) 4000 

2840 

2110 

1690 

*33° 



— B (calc.) 37Go 

2 75° 

2160 

*74° 

1 4 TO 



A cetaldehyde 







T C 15 

20 

25 I 

3o 

35 

40 70 

100 165 203 

— B (cxpt.) 1400 

1300 

1230 

1125 

1050 

960 770 

540 320 2O0 

— B (calc.) 1410 

1300 

1210 

1130 

1050 ; 

980 730 

530 320 200 

A cetone 







T ' C . 30 

50 

70 

90 

110 

130 


—B (expt.) 18G0 ' 

15 Go 

1280 

1040 , 

850 

700 


— B (calc.) 1900 

I 53° 

1230 

1010 

850 

730 


Methyl chloride 







7 0 C -34 

-23 

-18 

10 

38 

I 65 93 

121 149 177 

■~B (expt.) 764 

068 

837 

500 

401 

320 2G5 

214 184 155 

—B (calc.) 770 

675 

640 

482 

380 

310 2O0 

210 185 TOO 

Ethyl chloride 







r°c 50 

70 

90 

no 

130 



~u ex , pt ; ) 580 

510 

450 

390 

350 



—B (calc.) 560 

! 500 

450 

410 

370 



Chloroform 







r°c 50 

70 

90 

no 




~~B (expt.) 1000 

84° 

730 

G30 




—B (calc.) 1010 

850 

730 

O30 





For the nine compounds in Table II, the difference between the 
observed and calculated values of B in no case exceeds the experimental 
error. It is noticeable that the agreement is best for those substances 
where the data are most accurate and over the widest temperature range, 
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viz., water, ammonia, acetaldehyde and methyl chloride. The poorest 
agreement is found where the experimental results are least accurate, 
i.e. acetonitrile and methyl alcohol. 

TABLE III 

Valuks of the Parameters used to calculate B in Table II 



/* 

t 


* 

ro 

AV 


tie bye 

ml./nmlc 

cal. /mole 

A 

cal. /mole 

Chloroform 

1-05 

0*1 

33*45 

2110 

3 30 

860 

Ethyl chloride 

2*0 2 

0*2 

1997 

640 

541 

530 

Methyl chloride 

I*8q 

o*6 

5073 

750 

3*60 

2020 

Acetone . 

274 

07 

60-87 

1030 

3-91 

3280 

Methyl alcohol. 

!'()(> 

o *8 

17-48 

12 f)C) 

2-49 

4660 

Ammonia 

1-47 

1*0 

22-12 

630 

2-66 

296O 

Water 

1-83 

1-2 

2 3 ‘ 4 2 

760 

2-68 

4440 

Acetonitrile 

3*5 

1-2 

82*04 

800 

4 07 

464O 

Acetaldehyde . 

27 


62-75 

530 

368 

3680 


5 . Discussion.—The constants of Table III give excellent agreement 
with the experimental results. Their significance will now' be considered 
and they will be compared w r ith the constants derived from the other 
interpretation that has been proposed for the same results. 

The parameter /, the effective polarity of the molecule, is found to 
increase in a very reasonable manner from the halides to those molecules 
commonly regarded as highly polar. The values given for e, the non¬ 
polar energy of interaction, have little significance for two reasons. 
Firstly, they will include a term for the polarization of one molecule by 
the dipole of another (also proportional to r~ G ), which London estimates 6 
to be about 20 % of e for water and 10 % for ammonia. Secondly, a 
much more serious source of error will be the fact that when t > o*6 
the dipole energy is so large compared with c (Fig. 1) that any eflect of 
the non-polar forces on the virial coefficient will be masked, and so e 
will be more subject to error. 

The two quantities that have most significance are r„, the equilibrium 
separation of the molecules, and A IJ, the maximum value of the dipole- 
dipole energy of interaction. For non-polar molecules, r 0 and d have a 
constant ratio and each is proportional to the actual physical space 
occupied by the molecule. This will not be so for polar molecules. 
When the interaction energy is due largely to the dipoles, then r 0 will be 
determined not so much by the size of the molecules as by the equilibrium 
separation of the dipoles. If the model chosen w r ere perfectly correct 
then this would make no difference, for the dipoles are supposed to be 
at the centre of the molecules. But if data for molecules whose dipoles 
are not symmetrically arranged (e.g. methyl alcohol), arc fitted to F( 0 , t), 
then the more correct interpretation of r 0 is as the equilibrium separation 
of the dipoles. From this point of view, the results in Table III are 
particularly illuminating. Much of the lowest values of arc those 
for methyl alcohol (2*49 A), ammonia (2-66 A) and water (2*68 A), 
which are the three molecules that would be expected to show hydrogen 
bonding. These are the distances between the centres of the dipoles and 
so are slightly less than the O— H . . . O and N— H . . . N distances found 
in the solid state. On this model the hydrogen bond would be interpreted 
as an interaction between two dipoles at unusually short distances, which 
are possible only when the electron density is a minimum near the hydrogen 
atom. The bonds in water and methyl alcohol have almost the same 
energy. Chloroform (3-30 A) has the* next largest value of r 0 . Here 

• London, Trans. Faraday Soc. t 1937, 33 * 8. 
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again the dipole will cause a fall of electron density around the hydrogen 
atom. The chance of forming hydrogen bonds will be much reduced as 
A U is so small (860 cal./mole). Although methyl chloride is a smaller 
molecule, the value of r 0 (3*60 A) is larger than for chloroform, as would 
be expected, since the charge on any one hydrogen atom is now much 
reduced. The two molecules with carbonyl groups, acetaldehyde and 
acetone, show similar values for both r 0 (3-68, 3*91 A) and for A U (3680, 
3280 cal./mole). This would suggest that the association in both is of 
the same kind, and would not support the hydrogen-bonded ring structure 
that has been proposed for the former. Nevertheless, it is the increased 
positive charge and exposure of the hydrogen atom in an aldehyde group 
that causes r Q to be slightly lower for acetaldehyde. In acetonitrile it 
is the very large dipole moment, rather than close interaction, that leads 
to the large value of A U. 

6. The dipole association treated by the law of mass action.— 

The second virial coefficient is an equilibrium property of a gas. Properly 
interpreted, it will give information about the possible energies of inter¬ 
action of two molecules and the chance of the molecules assuming the 
necessary con figuration. No information is obtained about the length 
of time two molecules spend in association before they separate again, 



for that is a rate process, which cannot be investigated without going 
outside the equilibrium properties and measuring some dynamical pro¬ 
perty such as the thermal conductivity. It is true that the treatment 
of the dipole association by the law of mass action has been used in cases 
where it has been thought that dimers of long life have been formed 
(see especially Schafer and Foz Gazulla 3 ), but this is not a necessary 
restriction. In general, it is not correct to divide the second virial co¬ 
efficient into two parts and say that each represents a different kind of 
interaction, but such a procedure is quite sound in certain circumstances. 
In the present case the restrictive condition is that the dipole forces are 
only effective in configurations for which the non-polar energy is negligible. 
■This may easily arise with asymmetric molecules, as shown schematically 
in Fig. 2. Here the full line (I) represents the non-polar energy of inter¬ 
action which gives rise to one part of the virial coefficient. However, 
when the dipoles are not at the centres of the molecules it is possible that, 
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for certain mutual orientations, they can approach much more closely, 
giving rise to the interaction curve shown by the dotted line (II). In 
this case it is allowable to represent the dipole interaction by an additional 
term in the virial coefficient. An equilibrium constant may be used for 
this term, when the energy factor will represent the depth of the trough 
and the entropy factor the restrictions imposed on the mutual orientations 
for the interaction to follow curve II rather than curve I. 

The value of the virial coefficient given by the Berthelot equation is 
used to represent the non-polar forces. This is justified by the excellent 
agreement of the observed values with the Berthelot equation for non¬ 
polar molecules 1 and for water and ammonia at high temperatures (see 
Table II). For the other gases, measurements have not been taken to 
high enough temperatures to decide unambiguously whether the virial 
coefficient is approaching the Berthelot value, but the published diagrams 1 
show that the behaviour of water and ammonia is probably typical. It 
is satisfactory to find that the values of the equilibrium constants given 
below would lead to only 7-8 % of dimerization for water and ammonia 
at the critical point, indicating that T e and p et which are used to cal¬ 
culate B from Berthelot's equation, will not be greatly affected by the 
supposed dimerization. 

In the treatment given in the first part of this paper, the important 
quantities w*ere the maximum energy of interaction A U and the equili¬ 
brium distance of separation r 0 . If the law of mass action is used then the 
important quantities will be A U and the standard entropy of association 
AS 0 . The equilibrium constant for the association is given by 1 

B (expt.) — B (Berthelot) = — RTjK v . 

As there are now only two adjustable parameters (A U and AS 0 ) this 
equation does not always fit the experimental results as well as Stock- 
mayer’s expression. It will, however, give values of B that agree fairly 
closely with the observed values if K v is given by : 

Acetonitrile ..... log 10 K v — 4*505 — 1147/7' 

Methyl chloride .... log A0 K v — 4*533 — 555 )T 

Acetaldehyde ..... logi„ K v — 4*871 — 986/ 7 ' 

Water ...... log 10 K v -- 5*650 — 1250/7' 

Ammonia ...... log 10 7 v„ 5*809 - 967/7'. 

(K p in atm.) 

For chloroform and ethyl chloride (t — o-i and 0*2), the difference 
between the observed and Berthelot values for B is negligible. An 
equation of this kind will not represent the results for acetone and methyl 
alcohol. 1 The values for acetonitrile and acetaldehyde are those given 
previously. 1 The Berthelot equations for the other three gases were 
calculated from the following values of the critical constants : 

Methyl chloride . . T c — 143*1° C p e ~ 65*9 atm. 

Water . . . 1 \ — 374*2° C p e — 218-5 atm. 

Ammonia . . . T v — 132-5° C p e — 112-3 atm. 

The energy of interaction at ioo° C (A U Z1Z ) and the standard entropy 
of association (AS 0 ) have been calculated from K v . 


TABLE IV 




U (§4) 

(expt.) 

(calc.) 

Diff. 

cal./mole 

cal./mole deg. 

Acetonitrile. 

4500 

4640 

20*6 

214 

4 - o-8 

Methyl chloride . 

2390 

2020 

20-7 

22*1 

+ i*4 

Acetaldehyde 

3790 

3680 

22-3 

21*9 

— 0-4 

Water 

4980 

4440 

25*8 

22-2 

— 3*6 

Ammonia . 

3680 

2960 

26-8 

22*1 

- 4-7 
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In the second column of Table IV are the values of A U found above 
by Stockmayer’s method. They are generally smaller than A U 973 , though 
the difference is not large. The values found for the entropy of associ¬ 
ation (third column) are compared with those calculated from a very simple 
model (fourth column). If it is assumed that the dipole association will 
not affect the internal vibrations of each molecule, then the entropy of 
association will be the following product of partition functions, 



where the numerical subscripts denote monomer and dimer, and T, R and 
V stand for the translational, rotational and vibrational partition functions. 
The symmetry of the dimer is 2. To proceed further it is necessary to 
make some drastic approximations. A comparison of the observed and 
calculated A 5 ° will then show how sound these are. Firstly, it will be 
assumed that 2 J R f° r the rotation of the whole dimer about the axis of 
the " dipole bond ” may be cancelled with one of the 1 of the numerator. 
Secondly, the dipole bond will be assumed to be completely stiff in com¬ 
pression or tension (one of the 2 Jy — 1), but so little resistant to deforma¬ 
tion that the remaining five 2 J V may be cancelled with the five ^J R of the 

numerator. These last assumptions will both be wrong, but the errors 
they introduce will be in the opposite directions. The product of par¬ 
tition functions is now reduced to that for the association of two atoms to 
form a rigid molecule, where AS 0 depends only on the masses and the 
internuclear distance. The calculated values of AS 0 were obtained in 
this way, by using the usual expression for the partition functions 7 and 
values of r 0 from Table III for the distance of separation, and correcting 
for the difference between expressions at constant pressure and constant 
volume. It can be seen at once that the agreement between the observed 
and calculated values is surprisingly good, in view of the crudity of the 
partition functions. The differences that remain may throw some light 
on the structure of the dimers. For methyl chloride, the calculated 
AS 0 is too high. Probably the 2 J V for the stretching of the dipole bond 
is here very much greater than 1, as the bond is very weak (2400 cal. /mole). 
The agreement is good for acetonitrile and acetaldehyde. Here there 
must be a satisfactory cancellation of errors in the assumptions made 
about the rigidity of the dipole bond. The calculated values for water 
and ammonia are too low, showing that, here again, there is a quantitative 
difference of behaviour between those molecules that can form hydrogen 
bonds and those that cannot. The difference here is an increased entropy 
of formation of the dimer, which implies a more rigid structure with less 
relative motion of the component molecules. It is satisfactory that the 
results for these gases should confirm the conclusions drawn from Trouton 
constants concerning entropies of association of polar molecules, where 
ability to form a hydrogen bond is a much more potent factor than mere 
polarity. 8 

7. Conclusion. —It has been shown that the two methods of inter¬ 
preting the virial coefficient results are both useful in elucidating the 
nature of dipole forces. In particular, it is found that molecules where 
hydrogen bonding is possible (water, ammonia, and methyl alcohol) 
behave as other polar molecules but that their association is characterized 

7 howler and Guggenheim, Statistical Thermodynamics (C.U.P., 1939), pp. 
165-7.. 

8 Hildebrand, Proc. Physic. Soc., 1944, 221 • 
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by unusually short dipole-dipole distances and unusually large entropies 
of association. The hydrogen bond strengths found are : O—H . . . O, 
4440 or 4980 cal./mole in water, and 4640 cal./mole in methyl alcohol*; 
N—H . . . N 2960 or 3680 cal. /mole in ammonia. 

I would like to thank Mr. J. D. Lambert, Mr. R. P. Bell and Prof. 
E. A. Guggenheim for most helpful discussions. 

Physical Chemistry Laboratory , 

Oxford . 
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Niels Bjerrum, Selected Papers Edited on the Occasion of his 70th 
Birthday. (Munksgaard, Copenhagen, 1949). Pp. 295. Kr. 18. 

Niels Bjerrum was born on nth March, 1879. His seventieth birthday 
has been celebrated by his colleagues in Copenhagen by the publication 
in English of this collected edition of some of his most important papers. 
This publication was made possible by generous support from various 
Danish scientific societies and industrial concerns, to whom physical 
chemists throughout the world will be grateful. The translations into 
English were done by members of the editorial committee, all Danes, 
and the result is remarkably good. There is a foreword by the chairman 
of the editorial committee, Niels Bohr. 

Niels Bjerrum is recognized as one of the great masters of physical 
chemistry ; in my opinion he is the greatest of his generation. Note 
that I am speaking of physical chemistry, not of any one or more particular 
specialized branches of the subject. Those of us who have had the privilege 
of working in Bjerrum’s laboratory know, as some others less fortunate 
may not know, the exceptional width and depth of his grasp of physical 
chemistry. His original contributions extend from the colloid chemistry 
of soils and brewing to applications of quantum theory and statistical 
mechanics. But, the most amazing feature brought to light by this 
collection of papers is that this exceptional versatility had already been 
revealed before Bjerrum was thirty-five. Let me give a few examples. 

In the period 1906-1908 Bjerrum was determining the structure of 
various chromium complexes, incidentally discovering how to make mono- 
chlorochromic dichloride, correcting a mistaken view of Werner on the 
structure of monochlorochromic sulphate and measuring hydrogen ion 
concentrations before the expression pH had yet been invented by 
Sorensen. 

In 1909 at the Imidon meeting of the International Union of Chemis¬ 
try, Bjerrum produced experimental evidence, which now seems indis¬ 
putable, that in dilute aqueous solution salts are completely dissociated 
into ions. It is well known how Debye in 1923 obtained satisfactory 
quantitative formulae for the effect of the interionic forces and so finally 
proved the non-existence of any “ anomaly of strong electrolytes 
The earlier history of this subject is much less well known and I take 
this opportunity to throw light on the matter by a few quotations, which 
I give in inverse chronological order. 
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Milner, Phil. Mag., 1913, 25 , 743 : “ . . . can be completely accounted 
for by the effect of the interionic forces ... on the assumption that the 
dissociation is complete.’ 1 

Noyes and Falk, J. Amer. Chem. Soc., 1912, 34 , 489 : “ There appears 
however, to be no chemical explanation which would account for both 
these anomalies ; and it seems therefore probable that physical deviations 
must enter as a complicating factor.” 

G. N. Lewis, Z. physik . Chem,, 1910, 70, 215, 218 : “ If we had no other 
criterion * for the degree of dissociation, these facts would undoubtedly 
lead us to regard salts, up to a concentration of normal or half normal as 
completely dissociated. ... I believe that we shall make no great error in 
assuming that the degree of dissociation calculated from the conductivities 
is in most cases substantially correct.” 

Bjerrum, Proc. jth Inter. Cong. Pure Applied Chem. (London, 1909), 
§ x, p. 56 : “ We suppose that the strong electrolytes always are completely 
separated into ions, and this is the reason why they always have the same 
colour in all concentrations. . . . the decrease in molecular conductivity 
and in molecular depression of the freezing-point that accompanies the 
increase in concentration must be due to the action of the electric charges 
of the ions on each other.” 

So much for Bjerrum in 1909. In 1911 he published a joint paper 
with Perrin on measurements of Brownian movement connected with 
the determination of Avogadro’s number. In the same year he was making 
the first application of quantum theory to the specific heat of gases and 
in T912 was doing pioneer work on the quantal interpretation of infra-red 
spectra. 

The period 1916-1920 was largely devoted to the application of thermo¬ 
dynamics to electrolyte solutions. In 1923 came the revolutionary, but 
convincing argument that the form of an amino-acid, such as glycine, 

having zero net charge is a zwitter-ion NH a . CH 2 . 0 O 2 • This period 
also included theoretical work on the effect of electric charge on acid 
constants. 

Tt would take too much space to refer in any detail to the more recent 
work. Suffice it to say that out of nearly a hundred published papers 
twenty seven are included in this collection. Although several important 
papers have been omitted, the choice is admirable as every paper included, 
without exception, makes interesting reading. Apart from several papers 
of fundamental importance and others of great historical importance, I 
would call attention to the especial usefulness of two papers for teaching 
purposes, namely a paper “On Acid and Basic Reaction” (1917), and 
another, “ Acids, Salts and Bases ” (1931). The former contains the 
most complete, accurate and clear treatment of acid-base titration with 
indicators. 

No one worthy of the designation physical chemist can fail to find 
palatable food for thought somewhere in this excellently varied menu. 

E. A. G. 

* The italics are mine. Confusion has been increased by a misquotation 
of this sentence in one of the best introductory textbooks on physical chemistry. 
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Tables of Scattering Functions for Spherical Particles. (National 
Bureau of Standards, Applied Mathematics Series, 4. Washington, 
D.C., 1948.) Price 45 cents. 

The scattering of a plane wave by spherical particles is a phenomenon 
found in almost every branch of physics, chemistry and even biology. 
Here are some numerical Tables that will certainly prove useful to workers 
actually using observed scattering intensities to estimate the size of 
particles with which they are concerned. 

These Tables are based on Mie's theory of the scattering of light by 
particles with a radius comparable in magnitude with the wavelength of 
light. They give the angulai distribution of intensity and the total 
light scattered by a small, spherical particle—such as a fog droplet— 
in terms of size of particle and wavelength of the incident light. Thus 
the Tables permit both the concentration and diameter of spherical par¬ 
ticles in suspension to be determined from measurements of the attenu¬ 
ation of an incident beam due to scattering, provided the particles are of 
uniform size. 

The first of the four parts of the Tables gives the angular distribution 
of the intensities of the two incoherent, plane-polarized components 
scatteied by a transparent particle illuminated with natural light. In 
Part II the total scattering coefficient is given for a transparent material 
of refractive index 1*5. In Part III the total scattering (and absorbing) 
coefficient, may be obtained for absorbing materials of extinction co¬ 
efficient varying from o to o-t, and of real refractive index varying from 
1*44 to 1-55. In Part IV the Tables have been extended to certain values 
of complex arguments for a problem in the application of microwave 
radar in the wavelength region in the order of 10 cm. and shorter, where 
a dispersion by liquid water sets in, making the index of refraction complex 
and a function of wavelength. 

These Tables are beautifully got up and all the figures are extremely 
clear. We have to thank the National Bureau of Standards for sub¬ 
sidizing publications like this so that the price is only a few shillings- 
Why can we not do things like this in Britain ? 

C. A. C. 


Klockmann’s Lehrbuch der Mineralogie. By P. Ramdohk. 13th ed. 
(F. Enke Verlag, Stuttgart, 1948). Pp. xii -f 674. Price 50 German 
marks. 

This new edition of a well-known German textbook on mineralogy 
incorporates the substantial increase in exact knowledge won during the 
last two decades by the application of recent techniques, particularly 
X-ray diffraction and the study of polished ores by reflected polarized 
light. The author himself has made extensive studies of minerals by this 
last technique and no-one is more capable than he of proceeding beyond 
determinative mineralogy to the wider aspects of mineral chemistry, 
mineral paragenesis, geochemistry, and the evolution of rock types. 
The first part of the book on general mineralogy includes sections on the 
physical properties of minerals : crystal form, crystal structure and 
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mineral physics (including optical and other physical characters), a sec¬ 
tion on mineral chemistry and crystal chemistry (including lists of 
blowpipe and microchemical reactions), an account of mineral formation, 
mineral deposits and paragenesis with an alphabetical list of well-known 
mineral localities illustrating the more familiar types of mineral associ¬ 
ation and finally a brief section on the technical and ornamental uses 
of minerals. The second and larger part of the book gives a systematic 
and well-illustrated description of minerals classified as follows : 

I. Elements ; II. Sulphides ; III. Halogen salts ; IV. Oxides and 
hydroxides (including quartz and its polymorphs) ; V. Oxygen salts 
with oxygen in three-fold co-ordination (nitrates, iodates, carbonates 
and borates) ; VI. Sulphates, chromates, molybdates and tungstates ; 
VII. Phosphates, arsenates and vanadates; VIII. Silicates; IX. Organic 
compounds. 

The arrangement within each class follows closely on what is known 
so far of the crystal structure as well as the chemical nature of each species. 
Unnecessary mineral names and synonyms are listed together with those 
minerals whose classification still remains doubtful. 

F. A. B. 


A Survey of General and Applied Rheology. By G. W. Scott Blair. 

(Pitman, London, 1949.) Pp. xv -f 314. Price 40s. 

The new edition (1st edition, 1943 ; 2nd edition, 1949) enhanced by 
a. comprehensive survey of recent advances by rheologists in different 
fields of science and of the results of war investigations released by the 
.Services, will be of great value to those who wish to be informed on the 
latest ideas on the nature of viscosity, plastic flow, thixotropy, etc. The 
book is especially useful to industrial research workers who deal with 
plastic masses, doughs and pastes, bituminous or rubber mixes, adhesives, 
greases or thickened liquids and need information on the measurement 
or control of the rheological properties. 

The book has been written from a new angle, and 20 pages are given 
to the evidence, of psycho-physics ; there is also a section on gestalt 
psychology and the non-Newtonian time-scale. The conclusions of the 
“ analytical school " which notes deviations from the classical laws, 
as Trouton did in his study of the flow of pitch and of the “ integrative 
school ” which regards the properties of complex materials as intermediate 
between those of fluid and solid and is obliged to forego the advantage 
of dimensionally simple rheological properties, are presented succinctly 
together with the principles of rheological measurement from the time 
of Galileo (1638), Hooke (1676), and Newton (1687), when modem 
rheology began. 

The author has included the modern concepts on the superfluidity 
of helium II, high elasticity, spinnbarkeit, stress hardening, etc., and 
direction is given where to find original papers; also included are 
summaries of rheological papers on special subjects (20 pages) and a 
bibliography (30 pages). There are four important chapters (60 pages) 
in which are listed and described a wide range of industrial methods and 
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instruments used in practice for control of manufacture and in general 
research. Dr. Scott Blair distinguishes between empirical tests and 
fundamental measurements and wisely indicates that results from ad 
hoc instruments should be interpreted with considerable care. 

There is an interesting chapter on orientation and surface phenomena 
dealing with mesomorph ism, the smectic and nematic states, the sigma 
phenomenon and the rheological properties of thin films ; this should 
be of help to the lubricant technologist and students of surface chemistry. 

The book is an excellent guide when information is required on problems 
of anomalous flow behaviour not explicable by hydrodynamics or the 
classical laws. 

E. W. J. M. 



STUDIES IN HYDROGEN OVERPOTENTIAL 

THE EFFECT OF CATALYTIC POISONS AT 
PLATINIZED PLATINUM AND NICKEL 


By J. O’M. Bockuis and 13 . E. Conway 
Received 3 Yd May, 1949 

The effect of As (as As a O s in HC 1 ) on H overpotential set up at platinized 
platinum electrodes has been examined. The effect of the presence in solution 
of traces of As 2 G 3 , CO, CS 2 , KCN and PtCl 4 on the rate of the hydrogen evolution 
reaction at a Ni cathode has been determined. Negative deviations from the 
Tafel equation at higher current densities were not observed in pure solutions 
but were produced by the presence of traces of poison (As 2 0 3 ). 

At high (o* 1 M) concentration of As 2 O a a limiting current occurs at about 
3 X 10 3 4 5 A1 /cm. 2 in N aqueous HC 1 solution. 

The variation of hydrogen overpotential with time at constant c.d. is negligible 
at platinized platinum and Ni electrodes in the absence of impurities but is con¬ 
siderable, erratic and of long duration in the presence of traces of impurities. 
This variation in impure solution can be considerably reduced by pre-electrolysis 
of the solutions used. Impurities at concentrations of the order of io -10 mole/ 1 , 
affect the rate of the hydrogen evolution reaction on Ni cathodes at a given 
overpotential. The effect of these poisons is experimentally analogous in a 
number ol respects to poison effects in heterogeneous catalysis. 


Although the general direction of the effects of catalytic poisons on 
overpotential has been established ’* 2 - 3 » fl * 7 » 8 * 10 II 12 13 little information concern¬ 
ing the dependence of the effect upon poison concentration is available 
and in parP'cular no determination of the theoretically important critical 
low concentration limit for poisoning has been made. The latter deter¬ 
mination is of importance in relating the overpotential behaviour of 
metals to their catalytic power for H atom recombination, or for adsorp¬ 
tion of atomic hydrogen, and also in assessing the necessity for ultra- 
purification 9-13 of solutions. 

In this paper, therefore, an investigation of the nature of the dependence 
of the poison effect upon poison concentration and the determination of 
the lower limiting concentration for the onset of poisoning of an electrode 
by a series of catalytic poisons is reported. 

1 Boekris, Chem. Rev., 1948, 3, 523. 

I Bowden and Agar, Ann. Reports, 1938, 63. 

8 Volmer and Wick, Z. physik. Chem. A, 1935, 171, 429. 

4 Aten and Zieren, Rec. trav. chim., 1929, 48, 984. 

5 Aten and Zieren, ibid., 1930, 49, 641. 

8 Raeder and Nilson, Norges Tek. Hiskole, Anh. til. 25 Jub. 1935, 263. 

7 Kobosew and Nekrassov, Z. Elektrochem,, 1930, 36, 519. 

8 Hickling and Salt, Trans. Faraday Soc ., 1941, 37, 333. 

8 Boekris and Conway (in press). 

10 Boekris, Azzam, Conway and Parsons (in course of publication). 

II Lewis and Jackson, Z. physik. Chem., 1906, 56, 1207. 

12 Schroeder, Ann. Physik, 1909, 29, 125. 

13 Jaffe, Ann. Physik, 1909, 28, 326. 
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Experimental 

Poisoning of Platinized Platinum by Arsenic. —For apparatus and 
experimental technique, see previously. 14 Platinized platinum test electrodes, 
2 cm.* in area and reference electrodes were prepared by the method of Ellis. 1 * 

For the determination of hydrogen overpotential in the presence of arsenic 
oxide the electrolyte of N HC 1 was made by dissolving As a O, in N HC 1 pre¬ 
pared (cp. 14 ) but before transference of the electrolyte to the cell was made. 
The electrolyte in the reference electrode vessel was aqueous N HC 1 . Diffusion of 
poison tc this electrode was prevented by closing the tap of the electrode vessel. 

Overpotential measurements were made by the direct method. 

Potential measurements were accurate to ± 2 mV and polarizing current 
could be measured to within £ 2 %. The measurements of apparent electrode 
areas were accurate to ± 5 %. 

Poisoning of the Ni Electrode by As, CS a , CO, KCN and its Activa¬ 
tion by Pt.—The most satisfactory procedure for establishing the lower con¬ 
centration limit for the onset of poisoning would involve establishing a constant 
overpotential or a constant trend of overpotential with time, and adding 
quantities of poison solution until this caused a significant change in the be- 
aviour. Accordingly, the time variation of overpotential at nickel electrode 
at a fixed current density was investigated first in pure solutions. Since it 
was intended to study very low concentrations of additives it was necessary 
rigorously to purify all solutions by pre-electrolysis •» 10 * 11 and stringent de¬ 
oxygenation of cells and solution. 

The cell used was an all-glass three-compartment type (described elsewhere l ) 
equipped with ground-glass water-sealed taps and joints. 

Conductivity water was first heated to the boiling point in an all-glass 
apparatus passing through which was a rapid stream of hydrogen and refluxed 
in a slower stream of hydrogen for 5 hr. 50 mi. water were then withdrawn 
and rejected. Water of conductivity 5-8 x io~ 7 mhos was then distilled into 
the anode compartment of the cell. 

Hydrochloric acid gas (prepared from a.r. sulphuric acid and a.r. ammonium 
chloride) was passed through a trap to eliminate spray, a tube of calcium chloride 
and finally two glass spirals cooled to — 8o° C. The gas mixed with hydrogen 
was then passed into the water in the anode compartment of the cell until 
electrolyte of required concentration (determined conductometrically by means 
of the two platinum points in the anode compartment of the cell) was obtained. 
This solution was then pre-electrolyzed. 

Electrolytic hydrogen was led into the train via a special trap * through 
Telcothene plastic tubing. The latter was used owing to possible contamina¬ 
tion of hydrogen with sulphurous compounds from rubber. The gas was 
dried over silica gel and magnesium perchlorate, and passed through a tube 
of Hopcalite for removal of traces of CO by catalytic oxidation to CO,, by the 
trace of O a present in the H a . The CO a formed was removed by passage through 
a tube of soda-lime and the H a was then passed Through a furnace containing 
5 % palladized asbestos maintained at 450° C to effect complete deoxygenation, 
and dried by passage through several liquid nitrogen traps containing alter¬ 
nately glass wool and charcoal. 14 The train was of Hysil glass to avoid con¬ 
tamination of hydrogen by arsenic compounds from Pyrex glass. 

Nickel electrodes 0-4 cm.* in area (Hilger spectroscopically pure) were heat 
treated and annealed in hydrogen at 6oo° C and sealed into glass bulbs in an 
hydrogen atmosphere. 17 These electrodes were kept in the cell during pre¬ 
electrolysis until breakage 16 • 17 of the bulb when the polarization was commenced. 

The Overpotential-Time Behaviour at io~* A/cm.* in Ultra-Pure 
o-i N HC 1 .—In preliminary experiments the maximum pre-elcctrolysis at a 
Pt auxiliary cathode, consistent with a change of concentration of HC 1 not 
greater than 10 % was used, i.e. electrolysis at 3 X io" 3 A for 15 hr. The time 
variation of overpotential was no longer erratic (see Fig. 1 and 2) as in ex¬ 
periments with no, or less, pre-electrolysis, but still showed steady slow increase 
of overpotential during 6-10 hr., which behaviour was unsuitable for study of 
trace additions of poisons (see Fig. 1). 

14 Bockris, Trans. Faraday Soc., 1947, 43, 417. 

15 Ellis, J. Amer. Chem. Soc.. 1916, 38, 737. 

* A mercury blow-off safety valve (see Conway, Thesis (London, 1949)). 

14 Bockris and Conway (in press). 

17 Bockris and Conway, J. Sci. Instr., 1948. 
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Increase of the strength of the pre-electrolyzing current to 4 X io~ a A for 
15-17 hr. led to an important result. The protracted time variation was elimin¬ 
ated and a slow build-up, lasting $-2 hr. to a value conjfcant (i.e. variation 
less than 20 mV) for more than 12 hr. was observed. An initial solution of 
0*3 N in strength was used which during electrolysis became diluted to o*iN 
in 17 hr. 



Fig. 1.—Typical time variation of tj at Ni cathode in o-i N HC 1 at io ~ 2 A/sq. cm. 
in simple cell with no pre-electrolysis. 



Fig. 2.—Time variation of rj at Ni at io” a A/sq. cm. in all-glass cell. Effect 

of pre-electrolysis : 

(а) At 2 X io~ 3 A/sq. cm. for 12 hr. 

(б) At 6 x IO -« A/sq. cm. for 15 hr. 

»» 4 

The constancy of overpotential with time (see Fig. 2) under these con¬ 
ditions was reproducible but the period of initial build-up varied from 30 to 
120 min. and although the initial potential was reproducible the final constant 
overpotential was less reproducible. This accounts for the smaller reproducibility 
of overpotential values obtained by the slow or resting methods , 10 

Having thus obtained a constancy of overpotential with time at io~* A/cm.*, 
poison concentrations of io~ ls -io -8 mole/1, were introduced successively into 
the solution. The poison solutions had been previously subjected to an 
analogous purification to that of the main electrolyte. 

Before poison additions were made complete blank experiments on solutions 
containing no poison were carried out. No significant effects of the blank 
solutions were observed. In the poison experiments a blank of 50 drops (2 ml.) 





992 HYDROGEN OVERPOTENTIAL . 

of the pre-clcctrolyzed HO solution, before poison had been added, was added 
to the catholyte to check in each experiment the initial purity of the basic 
solution. 

The following poisons were used : As 2 O a , CS 2 , KCN, CO and also the activa¬ 
tor (cf. 18 > 19 ) H 2 l J tCl«j. 

Results 

Poisoning of Pt by As. —The 17-log i relationship for the polarization of 
platinized platinum in N HC 1 in the presence of As concentrations zero, o-oooi, 
o-oooz, o-ooi, 0-005, 0-02, o-i and 0*2 mole/ 1 ., are shown in Fig. 3. The curve 



Ftg. 3.—17 — logic i curves for platinized platinum. Effect of poisoning by 
As 2 Q 3 in N HC 1 . (a) Pure, (b) o*ooo 1 M, (c) 0-0002 M, (d) 0-005 M, ( c) 0-02 M, 

( j) o-i M, (g) o'2 iVl. 

for platinized platinum in pure solution is linear with a slope b of 0*03. In the 
solution with lowest arsenic concentration, a rise in the 17-log i line occurs and 
the slope between io~ 2 and io~ 3 increases to b --- 0-20. At high c.d.'s (c.d. = 
current density) of io~ 2 to 5 x io -2 A/cm. 2 the overpotential approaches a 
constant limiting value. At higher As concentrations 0-0002-0-005 M, a steady 
increase of overpotential at a given c.d. occurs and the initial slopes of the lines 
are slightly lower (b -- 0-17) than those in solutions with less poison. 

In o-i M and 0-2 M solutions of As 2 0 3 the character of the 17-log i relation 
is radically different. It shows large deviations from the Tafel equation 
towards more negative potentials whilst in As solutions an approach to a 
limiting current in the region i io~ 2 A/cm. 2 is observed. At low c.d. the 
overpotential in o-i and 0-2 M solutions is lower than that for corresponding 
c.d.'s in o*ooi, 0-005 and 0-02 M As solution. 

If the overpotential at a given c.d. is plotted against molar concentration 
of arsenic (Fig. 4) curves similar to adsorption isotherms are obtained. At 
concentrations of arsenic between 10 and 50 X io~ 4 mole/ 1 , the 17-concentration 
graphs are linear with approximately the same slope for each c.d. The poison 
is seen to have relatively greater effects at high c.d.'s. 

In Fig. 5 overpotential values at given c.d. are plotted as a function of 
log l0 [As]. In the concentration range io~ 4 -io~ a mole/ 1 , of As these plots are 

18 Herazymenko and Slendyk, Z, physik. Chem. t 1932, 163, 223. 

12 Slendyk, Coll. Czech. Chem. Comm., 1932, 4, 335. 
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essentially linear but show a decrease in slope with increasing c.d. For con¬ 
centrations greater than io~ 8 M the tendency for approach to a limiting current 
causes a marked rise in the 17-log [As] lines in the c.d. range io”*-o*5 X io~ 4 
A/cm. 8 At 5 x 10 8 A/cm. 8 in the strongest As solutions, anomalous low 
overpotential values occur which give rise to a maximum and minimum in the 
17-log [As] curve. 

Since the 17-log i behaviour was studied by the resting method, data were 
obtained on the build-up, decay and static potential of the electrodes. The 



Fig. 6.—Poisoning of Ni by As 2 O a in o-i N aq. HC 1 at io~ a A/sq. cm. (a) 50 
drops of o-i N HC 1 added as blank. Arrows show cone, of As a 0 8 in mole/ 1 . 



Fig. 7.—Poisoning of Ni by As 8 O s in o*i N HC 1 at io~ 2 A/sq. cm. for higher 
cone, of As. (a) 50 drops of o-i N HC 1 added as blank. Arrows show cone. 

of As in mole/1. 

static potential of the platinized platinum electrode in poisoned solutions was 
positive to the normal hydrogen electrode, the positive potential being greater 
the stronger the poison solution (see Fig. 4 and 5). 

In pure solutions the time variation of overpotential at a given c.d. was 
imperceptible after the first 1-2 sec. of polarization, but in poisoned solutions a 
long time variation was observed, constancy being attained in 1-2 hr. At 
io~ 8 A/cm. 2 the initial potentials observed were underpotentials which after 
some minutes became overpotentials. 

The decay of overpotential in poisoned solutions was very rapid during the 
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first minute after terminating polarization ; a potential of 0*03 to o*i V was 
reached. This then changed slowly to a constant, more positive value. 

Poisoning of Ni by As, CS 2 , CO, KCN : Effect of PtCl4. Overpotential- 
Time Behaviour at a Constant c.d. of io~* A/cm.* —Prior to addition of 
traces of poisons, two runs were conducted with blank addition solutions of 



Fig. 8.—Onset of poisoning of Ni by CO at io" 1 A/sq. cm. in o-i N HC 1 . 

(a) 50 drops of 01 N HC 1 added as blank. Arrows show cone, of CO in mole/ 1 . 

o-i N HC 1 prepared in the same way as were the poison solutions. Additions 
of volumes of these solutions equal to the volumes used in poison additions 
had no effect. 



Fig. 9. — Poisoning of Ni by KCN in o-i N HC 1 at io -8 A/sq. cm. 50 drops 
of o-i N HC 1 added as blank. Arrows show cone, of KCN in mole/ 1 . 

The low concentration limit for onset of poisoning was studied by intro* 
ducing io~ w -9 x io“ 8 mole CS 8 , io~ 15 *5 X 10“* As, 0 „ io- 16 -!©- 8 KCN, 
io“ 16 -4 x io -4 CO and io~ l6 -io~ 8 M H*PtCl e . Successive additions were made 
to give the concentrations indicated on the graphs (6-11), and after each addition 
time was allowed for constant overpotential to be attained before further 
addition was made. 

For the five additives studied no effect was found at concentrations from 
io- 1 * to io~ l# M. At io~ 10 M, however, an increase of 0-006 to 0-012 V was 
observed for the poisons CS„ KCN and CO ; although a lowering of overpotential 
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of o*oo6 V was observed for As 2 O s solutions at this concentration. The onset 
of activation by H 2 PtCl 6 was not apparent until a concentration of io” # M 
had been reached ; but at this concentration a marked lowering of overpotentiak 
towards that of a platinized platinum electrode at io~ 2 A/cm. 8 was observed. 

Further additions of CS 2 to give a io~ 7 M solution caused a further increase 
of overpotential. Ai io~ B M, however, a lowering of 0*05-0*06 V occurred whilst 



Fig. 10.—Activation of Ni by 1 > t('l 4 in o*i N 1IC1 at io~ 2 A/sq. cm. Arrows 
show cone, of added Pt in inole/l. 

at 10 4 M a further lowering of 0*05-0*1 V was observed. An increase of con¬ 
centration of CS 2 to 3 x 10- 3 and (> X 10' 3 M then made no significant differ¬ 
ence. The adsoqition of CS 2 tending to saturation at high concentrations ap¬ 
pears to be reversible since on vigorous bubbling in the cathode compartment 



Fig. 11.—Poisoning of Ni by CS 2 at io~ 2 A/sq. cm. in o*i N HOI. (a) 50 drops 
of o *t N HC 1 added as blank. Arrows show cone, of CS a in mole/l. 

(thus removing CS 2 from the solution phase) the electrode again approached 
its initial constant overpotential. 

The activation by As which began to be apparent at io~ 10 M, increased 
with concentration up to io~ 4 M solution. At this concentration addition of 
the appropriate volume of solution caused an activation of ca, 0*05 V which 
was, however, temporary. The activation at this concentration appeared to 
be overcome in 1-1*5 hr. and a further addition of As to give io~ 3 M solution 
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had neither an activating nor a poisoning effect.* ** At greater concentrations 
of As (io~* and 5 X io~* M) a marked poisoning corresponding to overpotential 
changes of 0*05-0*06 V was observed. The behaviour was reproducible to 1*5 cV. 

Confirmation of this activating and poisoning effect by As is obtained from 
two independent sources. Thus, Polukarov et al . t0 found that As acts both 
as a corrosion inhibitor and activator at similar concentrations for which As 
acts as an overpotential poison or activator respectively. Similarly, Slygin 
and Ershler 81 found that low concentrations of As increase adsorption of atomic 
hydrogen at platinum whilst increased quantities of As diminish this. 

Carbon monoxide appears to poison nickel throughout the range to~ 10 - 
4 x io~ 4 M. At the highest concentration the increase of overpotential is 
approximately 0*07 V. No tendency for saturation adsorption was observed 
which by analogy with the effect of CS 2 , may not occur until concentrations 
greater than io~ a M are attained. This concentration was not realized owing 
to the limited solubility of CO in aqueous HC 1 . 

Discussion 

The poisoning of platinized platinum by fairly large concentrations 
of As (see Fig. 4) has been shown to be related to poison concentration 
in a manner characteristic of adsorption saturation with increasing 
poison concentration. Slygin and Ershler 21 showed that the strength 
of binding of adsorbed hydrogen is increased by the poison (contrast effect 
of KCN 21 ) but the actual surface concentration is diminished. This 
implies that the activation energy for both the electrochemical and 
catalytic 1 desorption reactions would be increased, and since at these 
poison concentrations the surface activity of hydrogen is also diminished 
an increase in overpotential would be observed. According to Lukovscv 23 
and Horiuti et al . 24 the factor a for the recombination-controlled process 
for Ni is o < a <2, where a tends to 2 for very sparsely covered surfaces 
and is zero for a saturated surface. Since the second effect of the As 
poison is to diminish the concentration of adsorbed hydrogen 21 the factor 
a would thus tend to diminish from 2 to a lower value as poisoning occurs 
(see Fig. 3). 

Negative deviations from the Tafel equation (see Fig. 3) occur when 
quite small amounts of As are present in the solution, although the Tafel 
line is quite straight in their absence. This is important in connection 
with the work of Hickling and Salt 8 whose theory of hydrogen over¬ 
potential was supported largely by negative deviations from the Tafel 
equation at high c.d.'s. These deviations were considered by Fmmkin 
to be due to errors arising from the use of a thyratron commutator for 
measuring overpotential by the indirect method. Bockris 14 » 25 found, 
however, that results similar to those of Hickling and Salt could also be 
obtained by the direct method so long as the solution was prepared in the 
same way as that of Hickling and Salt. The results reported here imply 
that negative deviations from the Tafel equation at high c.d.’s are due 
to the presence of impurities in the solution.f Azzam and Bockris, 1 * 
working in pre-electrolyzed solution, recently confirmed this by showing 
that the Tafel equation is valid up to more than 100 A/cm. 8 on several 
metals for which Hickling and Salt claimed negative deviations. 

• At platinized platinum investigations were not carried out for concentra¬ 
tions < io~ 4 M in As so that for the electrode any possible dual activation and 
poisoning has not yet been established. 

10 Polukarov and Polukarova, Uchenye. Zap. Molotov Gosudarst Univ., 1939, 
3» toi. 

81 Slygin and Ershler, Acta Physicochim., 1939, n, 45. 

* 2 Knorr and Schwartz, Z. physik. Chem. A, 1936, 176, 161. 

** Lukovsev, J. Phys. them. Russ., 1947, 21 » 5 « 9 - 

24 Horiuti, Okamoto and Hirota, Inst. Phys. Chem. Res. Tokyo, 1936, 29, 223. 

85 Azzam and Bockris (in course of publication). 

t In recent unpublished work Miss H. Rosenberg has shown that addition of 
traces of H a S to the solution causes the negative deviations or “ bend-over ” effect. 

35 * 
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The variation of overpotential with time is absent in purified solu¬ 
tions at platinized platinum electrodes but when As is present even in. 
minute traces, variation with time is considerable. At platinum elec¬ 
trodes, therefore, much of the reported variation of overpotential with 
time is due to the use of inadequately purified solutions (see 8 » 10 ). 

The limiting current in the region of 5 x io~ 3 A/cm.* observed at 
platinized Pt electrodes in o-i M As 2 0 3 solutions may be true limiting 
current due to activation overpotential brought about by the poisoning 
or it may be due to an ohmic resistance error, caused by the covering 
of the electrode surface with a film of deposited As. The resistance of 
the adsorbed film would have to be of the order of io 4 ohms /cm. 8 (which 
is unlikely) to account for the effect observed. Similar approaches to 
a limiting current observed at Fe electrodes in the presence of corrosion 
inhibitors have been shown by Bockris and Conway 82 not to be due to 
film-resistance error. 

On Ni electrodes, the irregular time variation is also eliminated by 
pre-electrolysis •» 10 * 33 * 34 * 36 and hence (see also 12 * 13 ) it can be concluded 
that pre-electrolysis is usually a necessary technique in preparation of 
solutions sufficiently pure for the purposes of measurement of overpotential. 

The effect of the small amounts of impurities is small but outside the 
experimental error. The limiting concentration corresponds to 5 x io~ 12 
mole of poison present in the cathode compartment. 

If every atom of Ni (r =* 1*25 A) adsorbed one molecule of poison 
on a 1 cm. 2 electrode we should have 6*4 x io 16 molecules/cm. 2 , i.e. 
i*i x to 8 mole/cm. 2 attached to the electrode. It appears, therefore, 
that if all the available poison were attached to the electrode the latter 
would be approx, o-i % covered by poison (since the electrode area was 
ca. 0-5 cm. 2 ). Since it is improbable that all the poison present in the 
solution becomes adsorbed, this figure represents an upper limit for the 
coverage by poison. The rate-determining process at Ni is therefore 
highly sensitive to surface contamination. 

The above behaviour is similar that of specific poisoning in hetero¬ 
geneous catalysis. Thus, (i) an amount only sufficient to cover about 
one Ni atom in 1000 is effective in poisoning (or activating). This be¬ 
haviour is analogous to that observed by Benton and White 28 • 33 who 
found that CO inhibits adsorption of H 2 on nickel in a way such that 
much less CO is required for the inhibition than corresponds to a mono- 
layer coverage. Similarly Pea.se 28 has found that the activity of Cu 
as a dehydrogenation catalyst is markedly inhibited by a trace of mercury. 

(ii) The effect of the various additives is specific in that some act as 
accelerators whilst others act as a poison, depending on their concentra¬ 
tion. For some additives (e.g. As) there is at first an activating effect 
at very low concentrations and then a poisoning effect at higher con¬ 
centrations. 28 * 3U This behaviour resembles that in heterogeneous cata¬ 
lytic gas reactions in that in both systems the behaviour depends upon 
the effect of the poison on the free energy of adsorption which is a governing 
factor in the rates of reaction at gas-metal interfaces.* 

28 Lukovsev, Levina and Frumkin, Acta Physicochim., 1939, n, 21. 

27 Bockris and Watson (unpublished). 

28 Benton and White, J. Physic. Chem., 1931, 35, T784. 

28 Pease, J. Amer. Chem. Soc., 1923, 45, 1196, 2235, 2297. 

80 Griffin, ibid., 1927, 49, 2136. 

81 Schwab, Catalysis (van Nostrand, 1937), p. 242. 

32 Bockris and Conway, J. Physic. Chem., 1949, 53, 527. 

33 Berkman, Morcll and Egloff, Catalysis (Rheinhold, 1940), p. 389. 

34 Lewina and Sarinsky, Acta Physicochim., 1937, 6, 491, and 7, 485. 

36 Lukovsev, Lewina and Frumkin, Acta Physicochim., 1939, II, 21. 

* Thus the free energy of adsorption of the reacting materials appear to 
determine amongst other factors the activation energy and hence the rate of 
the heterogeneous reaction. 31 
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Poisoning effects by As on Ni are anomalous in that the initial portions 
decrease the overpotential whilst larger concentrations cause an increase. 
In an examination of the charging curves on Pt in acid solutions and the 
effect of poisons on them, Slygin and Ershler 21 have observed a similar 
behaviour. At low concentrations an increase in the amount of ad¬ 
sorbed hydrogen occurred whilst at higher concentrations (1*5 x io -6 
g. atom. As adsorbed on the electrode) the strength of binding of hydrogen 
was increased. The poisoning effect at Ni by As appears to be connected 
with similar facts. If the initial (io~ lw -io -8 mole/ 1 , of As) quantities 
of As increase the concentration of H at the Ni surface, processes involving 
atomic adsorbed hydrogen as a reactant, i.e. the recombination or electro¬ 
chemical desorption processes will be accelerated and a diminution of 
overpotential would be noticed as is observed at small As concentrations. 
If, on Ni as on Pt, larger quantities of poison increase the strength of bind¬ 
ing of hydrogen then the energy of activation for the electrochemical or 
recombination processes will be increased and the overpotential will be 
raised as observed. 

At the highest concentration of As, viz. 0*3 M, a diminution in over¬ 
potential at the lowest c.d. (0*5 x 10 3 A./cm. 2 ) compared with the 
corresponding overpotential value for o*i M As solution was observed. 

For complete concentration polarization * of the As+++ the limiting 
current is i d = o*o<) A. /cm. 2 for stirred solutions. This is a maximum 
value for the diffusion current since c 0 , the concentration of As* * 4 at the 
electrode surface, may not be zero; the comparative diminution in 
overpotential in 0*3 M As solution at low c.d. would appear, therefore, 
to be due to depolarization of the electrode by deposition of As+ + + ions. 

Other work >4 « 28 indicates that the most probable mechanism for 

the hydrogen evolution process at a Ni cathode is the rapid discharge of 
a solvated proton followed by an alternative slow electrochemical or II 
atom catalytic recombination desorption process. The striking effect 
of traces of poisons and the similarity of this effect to that of poisons in 
heterogeneous catalysis provides cogent evidence in support of the effec¬ 
tive presence of a catalytic rate-determining stage at the Ni electrode. 
It is not immediately obvious how such small traces of poison could affect 
the kinetics of the electrochemical desorption. It will be noticed, however, 
that the effect of traces of poisons though definite, is small. This prob¬ 
ably indicates the presence of a dual catalytic and electrochemical de¬ 
sorption, only the first of which is affected by the trace poisons. 

The hydrogen evolution reaction at a Ni cathode is comparatively 
insensitive to Pt (see Fig. 10). This depends simply on the deposition 
potential of Pt onto Ni which is not reached until the comparatively high 
concentration of io~ 8 mole/ 1 . This is confirmed by the greater sensitivity 
to Pt of the H a evolution reaction at a Hg solution interface, at which 
the potential is more negative, so that Pt can deposit at lower con¬ 
centrations. 27 
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* I.e. for zero As ++ ‘ _ concentration in the solution at the electrode surface. 



SOME APPLICATIONS OF THE VALENCE-BOND 
METHOD TO PROBLEMS OF MOLECULAR 
STRUCTURE 

PART III.—CALCULATIONS OF THE LENGTHS OF BONDS 
IN MOLECULES WHICH CONTAIN A POLYVALENT 
CENTRAL ATOM 


By John Scanlan and Ernest Warhurst 
Received 12 th May , 1949 

The method described previously by one of us for the calculation of the 
lengths of covalent single bonds which possess partial ionic character has been 
extended to include the bonds in molecules of the type MX n , for which the 
ionic state is degenerate. A bond length equation has been obtained from the 
first derivative of the secular equation. This bond length equation, applied 
to certain scries of molecules which are considered to be free from complications 
arising from partial double-bond character, gives results which are in satisfactory 
agreement with experimental data. It has been shown that, as the number 
of M—X bonds increases in a series of molecules, the calculated M—X bond 
length decreases, in agreement with observation, but the ionic character per 
bond progressively decreases , corresponding to a decrease in bond dipole moment. 
Some aspects of this treatment of MX n molecules have been applied to the poly¬ 
halides of certain elements of the second and higher rows of the Periodic Table. 
A qualitative explanation cf the bond lengths in these molecules has been given 
which entails much smaller contributions from multiple-bonded structures 
than Pauling suggested originally. The interpretation removes certain diffi¬ 
culties with regard to the charge distribution in these molecules. 


Introduction.—In Part I of this series of papers 1 one of us has 
discussed the available experimental data for the lengths of single bonds 
between atoms of different electronegativity in cases for which the 
partial double-bond character can be assumed to be negligible. On the 
basis of the valence-bond method which treats such covalent bonds with 
partial ionic character in terms of resonance between pure covalent * 
and ionic structures (Pauling 2 ) it was concluded that this type of resonance 
causes appreciable bond contractions, the magnitudes of which bear a 
very rough linear relationship to the ionic resonance energy of the bonds. 
From the first derivative of the secular equation with respect to inter- 
nuclear separation a bond length equation was derived which was shown 
to yield satisfactory results when applied to the hydrogen halides. 

The present paper describes an extension of the theoretical method 
to include cases of resonance between pure covalent and ionic structures 
for molecules of the type MX n , where M is a polyvalent central atom. 
In these cases the first excited ionic structures form an w-fold degenerate 
set. One feature of considerable interest is the behaviour of the M—X 
bond length along the ser.es of systems MX, MX, . . . MX n , i.e. as the 
number of M—X bonds increases. There are two types of senes avail¬ 
able for the consideration of this effect. In the first instance the n valence 

1 Warhurst, Trans. Faraday Soc., 1949, 45, 461 and 476, 

* The terms “ pure covalent structure " and “ pure covalent bond " have 
been defined in Part I. 

2 Pauling, The Nature of the Chemical Bond, chap. II. 
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electrons of the atom M are all used in bond formation and the increase 
in the number of M—X bonds is achieved at the expense of another type 
of bond, which, to avoid further complexity in ionic structures, is assumed 
to possess negligible ionic character. The series CH 3 F, CH 2 F 2 , CHF a , 
CF 4 is an example of this kind. The second type of series consists of 
(« — i) radicals and one saturated molecule, the last member, e.g. 

MX, MX 2 . . . MX„_x, MX n . 

Examples of this type are the series 

•OH, OH a and :NH, *NH a , NH a . 

Although a number of qualitative conclusions arrived at in this paper 
apply to cases in which the M—X bonds possess partial double-bond 
character as well as to the cases in which the bonds possess partial ionic 
character, numerical calculations have been attempted only in the latter 
cases, since there appears to be no plausible method for estimating the 
energy of the M~ = X+ configuration. 

The experimental data are not very extensive for the lengths of bonds 
in molecules and radicals for which resonance between pure covalent 
and ionic structures can be safely assumed to constitute the predomin¬ 
ating effect. The above series for O—H and N—H bonds clearly fulfil 
this requirement and we also consider, for reasons which are presented 
in the discussion, that the above series for the C—F bond is a further 
example of this type.* The series -O—CH 3 , CH 3 —O—CH 3 is also 
considered to belong to this type ; unfortunately, the C—O bond length 
is only known for the case of dimethyl ether. The bond lengths of the 
polyhalides of Si, Sn, P and other elements of the second and higher 
periods of the Periodic Table have not been dealt with quantitatively 
since the empty d orbitals of the central atom introduce the likelihood 
of partial double-bond character. 

There are two common features displayed by the data for the series 
for the O—Id, N—H and C—F bonds. Firstly, the mono-derivative 
possesses a bond length which shows a contraction relative to the appro¬ 
priate covalent radius sum. Secondly, there is a distinct, but small, 
decrease in the M—X bond length as the number of such bonds increases. 
These effects are evident from Tables III and IV. The contraction 
exhibited by the mono-derivative can be quite easily accounted for on 
the basis of the work described in Part I. 1 The second feature is more 
difficult to understand. It might be argued that if, in accordance with 
the conclusions arrived at in Part I, the contraction of an M—X bond 
increases in magnitude with the ionic character of the bond, then the 
further contraction in bond length with increase in the number of bonds 
could be ascribed to an increase in the ionic character of each bond along 
the series. There are, however, a number of objections to this simple 
view. 

+ 

In the first place, the electronic configuration MX is less stable than 
M : X, so that along the series MX -> MX n , an increase in ionic character 
per bond , would entail the curious consequence that the more the un¬ 
favourable net positive charge on the central atom the more easy it be¬ 
comes to increase it still further. (For a similar argument, see Skinner 
and Sutton. 8 ) 

Secondly, difficulties can arise in discussing the ionic character of 
MX n molecules in certain cases. It has become customary to refer to 
the percentage ionic character of a bond in a molecule. For a given bond 
this may be defined as ioo x the square of the coefficient of the wave 
function for the structure in which this bond assumes an ionic con¬ 
figuration ; the wave function for the actual state of the molecule 

* The reasons for the omission of the similar series for C—Cl, C—Br and C—I 
bonds (for which bond length data are available) are dealt with in the discussion. 

8 Skinner and Sutton, Trans, Faraday Soc., 1944, 40, 164. 
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being presented by the usual type of linear combination. For the case 
of an w-valent atom M, in the mono-derivative MX, if the percentage 
ionic character were greater than ioo/w, then along the series MX -+■ MX„, 
unless the percentage ionic character per bond decreased , the total per¬ 
centage ionic character of the molecule MX n would be greater than ioo. 

Finally, this view that the ionic character per bond increases with 
n would entail a parallel increase in the M—X bond moment. There 
are, of course, no data for the OH and NH series and, unfortunately, 
no measurements other than that for CH 3 F, have been made on the C—F 
series. However, data for the C—Cl series exist and show a pronounced 
fall in moment from the mono- to the tri-halide. 4 Although there arc 
difficulties in the description of the chloromethanes simply in terms of 
resonance between pure covalent and ionic structures, it is felt that this 
fall in dipole moment casts a certain amount of doubt on the view that 
the ionic character of the C—F bond increases from CH 3 F to CF 4 . 

In the following treatment the above difficulties are overcome and 
it is shown that, on account of the degeneracy in the ionic state, as the 
number of M—X bonds increases a contraction in bond length and a 
decrease in the coefficients of the wave functions which represent the 
excited structures are quite compatible witli each other. 

Development of the Equations. —Consider the case of an MX n 
molecule, for which the actual or ground state is described in terms of 
resonance between a pure covalent structure and an w-fold degenerate 
set of excited structures each of which corresponds to (w — i) pure covalent 



Fig. i. —Energy zero M -f- «X. 


M—X bonds and one “ non-covalent ” M—X bond. The general term 
“ non-covalent ” bond has been introduced because a number of the 
equations derived in this section are independent of the nature of this 
bond and, for example, apply equally well to the treatment of both partial 
ionic character and partial double-bond character. In the former instance 

+ -* - -f 

the non-covalcnt bond is MX and in the latter it is M = X. It is im¬ 
portant to realize that the pure covalent structure and the n excited 
structures all correspond to a nuclear configuration in which all the 
M—X bond lengths are equal. Fig. i shows the structures diagram- 
matically. The non-covalent bonds are represented by wavy lines, the 
pure covalent bonds by straight lines. The n bonds originating from the 
central atom are distinguished by the notation a, ft y etc. The zero 

4 Maryott, Hobbs and Gross, J . Amev. Chem. Soc., 1941, 63, 659 
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to which all energies are referred corresponds to dissociation into M -f- wX 
neutral atoms. f 

The conventional approximation for ( tfi a ) n , the wave function for the 
actual state of the molecule is 

(«Ao)n = O'n'i'c 4* bn(4>l + 4>2 • • • <£»)> * • ( T ) 

in which ip c is the wave function for the pure covalent structure, fa . . . <j> n 
the wave functions for the excited structures and a n and b n the participa¬ 
tion coefficients. The suffix n, throughout, indicates the number of 
M—X bonds, i.e. the degeneracy of the excited structures. The functions 
fa . . . (f> n represent completely equivalent bond configurations and 
hence the same participation coefficient b n has been used for each function 


in the linear combination. Assuming ( 0 a )„ is normalized and fa, fa . . . 
are normalized and mutually orthogonal,* then 

a* -f- nb\ = 1.(2) 

On account of the equivalence of the fan the secular equation can be 
expressed in a quadratic form. This is most conveniently dealt with by 
representing (i// a ) n as follows : 

(fa)n = a n t/l e + Pnfa . (3) 

The normalizing condition for (</r 0 )„ leads to the relationships : 

«S+ « = 1.(4) 

hence p„ Vn . b n , . . . . (5) 

and thus </>, — Y </>, .(6) 

Vn , 


The energy V a for the actual state of the molecule is given by the lower 
root of the secular equation corresponding to the use of eqn. (3) as an 
approximation for («/'„)„ : 



In this equation 

H" — dr = Fj = nVi, . . . ( 8 ) 

where V 1 is the energy of tlie pure covalent structure, and F,' is the energy 
of a pure covalent M—X bond, 

H„ = p./ty, dr and H c , = JjUty.dr. 

Using eqn. (6) the last two integrals can be expanded as follows : 

and 11 . = ~%h( 2 *)dr - ~ Z *.(1°) 

V “ / Vn i 

* It is realized that these functions are not necessarily orthogonal and that 
neglect of this may be a serious matter. However, it has been shown in Part I 
of this series, for the case of resonance between one covalent and one ionic 
structure, that the use of empirical resonance energies and energies of separation 
to evaluate parameters in the bond length equation, to some extent allows for 
the effect of non-orthogonality of the functions. In any case, if non-ortho¬ 
gonality integrals are included in the present problem the equations become 
unmanageable and we feel that it is worth while making the simplifying 
assumptions and seeing how the results of calculations agree with the experi¬ 
mental observations. 
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in which 

ha = J?<#&dr, 

(* + j) 


and 


A e < = j|0 c ^,dr. 


There are « integrals of the type A,*, w(« — i) of the type A# and n of the 
type A e< . Since the n excited structures are degenerate we have 

h n - h %% = . . . h nn = F a * (n - i)IV + IV, . (n)* 

where V 2 is the common energy, possessed by all these structures, and 
V2* is the energy of a non-covalent M—X bond referred to the zero cor¬ 
responding to dissociation into the neutral particles MX n _ l -f X, which 
clearly lies below the zero M + wX by an amount (n — i)IV, see Fig’ I - 
In the case of ionic structures V 2 ' f unlike V a , V l9 V/ and V a , is usually 
positive. 

The “ cross ” integrals h d are clearly all equal : 

Aj,2 == Aj3 === A j 3 . . . == Y • . . . (l^) 

Similarly, the “ cross ” integrals h ei are all equal : 

h el = A #t = . . . = W .(13) 

Eqn. (9) and (10) thus simplify to 

H„ = V 2 + (n - 1 )Y = (« - i)V/ + V./ + (n - i)Y, . (90) 

and H c $~ V n . W . . . . (10a) 

Substituting for II ee , H„ and H c , in eqn. (7) gives f 

k. = h + _ {( ii- n + .. <» -j]iy + ,*,}*. „„ 

Using the relationships, 

Jin = Vi - Va = n \V -V a . . . (15) 

= resonance energy referred to the pure covalent state, and 

S = K, - F, = K,' - JV . . . (i6) 

= energy of separation, eqn. (14) assumes the form 

*. - - +{(^±V^) 2 +* V • (M.) 


The expression for the participation coefficients can be shown to be 


(1 - a*) = ft = «6* - 




+ 5 + (« — i)y 


(17) 


♦Eqn. (8) and (11) take no explicit account of the interactions between 
non-bonded electrons. For the equations to hold approximately it must be 
assumed either that this factor is small compared with the interaction between 
bonded electrons or that it is roughly proportional to the number of bonds present. 
We think the assumption that this non-bonding interaction (though not entirely 
negligible) is considerably smaller than the bonding interaction and probably 
increases in a roughly proportional manner with the number of bonds present 
may not be far from the truth, and is worth introducing in order to avoid further 
complexity in the equations. 

t ft can easily be shown, generally, that the (n -f- 1) solutions corresponding 
to the use of (n 4- 1) functions t/t e , <j> x . . . ^ n , with the equalities expressed in 
eqn. (11), (12) and (13), are the two solutions of eqn. (14) and the (n — i)-fold 
degenerate solution, V a = V t — Y. 
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The behaviour of the right-hand side of (17) with changes in n is of some 
interest. As n increases R n increases, S and Y (see below) remain 
constant. Thus, remembering that R n and S are positive but Y is nega¬ 
tive, it is clear that increases as n increases. This increase in the 
coefficient of the combined excited state is to be expected since the 
energy of this state, H„(— V t -f (n — i)F), decreases and hence H tt — H ee , 
the energy of separation, also decreases as n increases. Thus the total 
non-covalent character of the molecule, as given by j£?J, increases. But, 


since 



the non-covalent character of each bond in the combined excited state falls 
proportionally to 1 /», hence it can be seen that the non-covalent character 
per bond in the actual state of the molecule , i.e. 6* . may actually decrease 
as n increases. We shall see later that this, indeed, is the case for most 
molecules. 

Eqn. (14a) and (17) will be used to discuss all the members of the 
series MX MX„, hence it is necessary to examine the values of the 
parameters S, W and Y in relation to n , the number of bonds present.* 
It is clear from eqn. (16) that S = V f — Vf is independent of n. For 
the discussion of the behaviour of W and Y with regard to changes in 
n it is of some assistance to examine more closely the nature of the "wave 
functions which form the’ linear combination given in eqn. (1). The 
functions are all bond eigenfunctions and have important connections 
with each other in respect of their numerical values over the whole region 
of configuration space. The relationship between 1 p e and any one of the 
fas, say fa, is such that the two functions have identical values throughout 
all space except for the region in and around one bond , within which ip c 
and fa have non-zero values which differ. This is the “ bond region ” 
a in this instance. In other words, the two structures to which ip c and 
fa refer, possess electron distributions which only differ in the bond region 
a and have identical distributions throughout all the remaining regions 
of space. Similarly, any two of the <p functions are related in such a w r ay 
that the functions have identical values throughout the "whole of configura¬ 
tion space except for the region in and around two bonds . These features 
are important in discussing the dependence of W and Y on n and their 
dependence on internuclear separation. 

Each of the integrals h ci (denoted, generally, by W) is a " cross ” in¬ 
tegral involving \p e and one of the fa s. From the foregoing discussion, it 
is clear that the magnitude of such an integral is determined solely by the 
values of «/r c and fa in one “ bond region " and hence is independent of 


* The discussion, in this section, of the integrals of the types W and Y and 
their dependence on the internuclear separation of a particular M —X bond 
may be clarified by the use of the following abbreviated notation. The nota¬ 
tion is very similar to that used in the H.L.S.P. treatment of unsaturated 
hydrocarbons. Let x denote the wave function for one pure covalent bond 
and y that for one non-covalcnt bond. Then we may "write 
<l>„ = (x a XJX y . . .), 

<I>1 = (ya*P*y ■ ■ ■). 

<t >a - (XaVflXy . . .), etc. 

Then h cl = = j (x a xpx y . . .) H(y a xpx y . . .)dr 

m ay be abbreviated to h 9l — ( xy ) a . 

Similarly, h lt = dr = jiy^XfiXy . . .)H(x a ypx v . . .)dr 

way be abbreviated to h lt — {xy)*(xy)p. This notation brings out the fact that 
"«i integrals each depend on perturbations confined to one bond and hy integrals 
depend on perturbations confined to two bonds. 
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the number of other bonds present, which will, of necessity, be pure 
covalent bonds in both the structures to which tfi c and fa refer. This 
conclusion is, of course, only strictly valid for a series MX -*■ MX n 
provided the bond angles and lengths remain constant. This is very 
nearly true in the cases of the series for which we shall present numerical 
calculations.* 

Similarly, the magnitude of the " cross ” integrals of the type h {i 
(denoted generally by Y) is determined by the values of the functions 
fa and fa in two bond regions only ; this, likewise, is clearly independent 
of the number of other bonds present provided the bond angles and 
lengths remain constant. It is concluded, therefore, that eqn. (14a) and 
(17) can be applied to all the members of a series MX -> MX n with 
constant values for S, W and Y. The appropriate value of W in terms 
of R x and S is obtained from eqn. (14a) with n = 1, i.e. 

W = - + S)}i. . . . ( 18 ) 

Eqn. (1) to (18) are valid for all values of r. The bond length equations 
which are derived below apply, of course, specifically to r — r a , the 
normal internuclear separation for the M — X bonds in the actual state 
of the molecule. 

The derivation of a bond length equation necessitates differentiation 
of the secular equation. This has been carried out in the following way. 
Attention has been confined to one particular bond, the bond a, and the 
secular equation has been differentiated with respect to r a . It is clear 
that eqn. (14) and (14a), which do not distinguish between the different 
h it , h {i and h ci integrals cannot be used for this partial differentiation. 
For example, it is evident from the notation shown in Fig. 1 that 

dr + ~J^ 2 dr. 

since the first expression corresponds to the stretching of a non-covalent 
bond and the second to a pure covalent bond. Accordingly, the bond 
length equation has been derived by differentiation of eqn. (7) together 
with eqn. (8), (9) and (10). 

In 1 elation to the differentiation with respect to the integrals fall 
into a number of distinct classes. 

Class (a).—The integrals which represent structures with the bond 
a pure covalent. These comprise 


H ee and h„(i * 1). 


There are (n — 1) examples of the type h {( . Assuming that the potential 
energy of the covalent bond a, for relatively small displacements, is given 
by a parabolic expression, we have 



in which r l is the normal internuclear separation of a pure covalent bond 


and k x 



is its force constant, 


Class (b ).—The only member of this class is the integral h lv which 
represents the energy of an excited structure with the bond a non-covalent. 
Assuming a parabolic form for the potential energy of a “ non-covalent ” 
bond, we have 



* If this were not true then the calculations described in this papei should 
be considered as the first stage in a method of successive approximations. 
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in which r , is the normal internuclear separation of a M non-co valent " 

( d*K '\ 

" ’ dr* /r * s f° rce con^ant. 

Class (g). —The “ cross ” integrals in which the two eigenfunctions 
concerned correspond to structures for which the bond a is different in 
the two cases, i.e. covalent in one structure and non-covalent in the 
other. This class comprises of h el and 2 (n — 1) examples of the type 
h lk and h kl , (k + 1). 

Class (d ).—The “ cross ” integrals in which the two eigenfunctions 
concerned correspond to structures for which the bond a is the same, 
i.e. pure covalent, in both cases. This class consists of (n — 1) examples 
of the type h ep (/> + 1) and (n — 2){n — 1) of the type h lm (l + 1, m + 1, l + tn) 


Differentiation of eqn. (7) and introduction of the condition 



gives 


(, - + ->1 ¥ 


2 nb'Hj, t>//„ 

Hn ' i 


= o. 


(19) 


Substituting the derivatives of eqn. (8), (9) and (10) and classifying the 
integrals as described above this equation * becomes 


(*'. - U) 


V bl )k , 


{v* - '.) 


r,[ 2(w ~ J) at; + (M ~ 1)(M ~ 2) ?i”] 


zn/W \ r Oft,, 

ft, u 


7 \r 

n/L 


f (» - 1) 


3ft, 

Or, 


**"11 

J/‘ 


( 20 ) 


This equation can be simplified in a number of aspects which arc discussed 
below. 

The Integrals of Class (c), h c \ an d hm •—The magnitude of the in¬ 
tegral h cl is dependent on the values of the bond eigenfunctions \ft e and fa 
in the region of space in which these functions differ. In this instance 
the region is the bond a. Accordingly, stretching this bond will alter 


the overlap of *p e and fa , hence 



Similarly, the magnitude 


of the integrals h lk is determined by the values of fa and fa in tw'o bond 


regions, one of which, in each case, is the bond a, hence 



* o. 


The Integrals of Class (d), h vp and him* “Although hc V — W 

and h lm — h lk — Y, the derivatives of class ( d) integrals with respect to 
y a are clearly different from those of class (c). The magnitude of the 
“ cross ” integrals h rp is determined by the values of tf/ c and fa in the region 
of space in which these functions differ, i.e. in one bond region which, in 
none of these instances, is the bond a. Accordingly, stretching the bond 
has no effect on the overlap of «/r c and <j> v in the region which is critical in 
the determining of the magnitude of h cv . Hence it is concluded that 



Similarly, the magnitude of the cross integrals h im is 


* This equation can also be obtained by performing a differentiation on 
eqn. (7) which corresponds to the simultaneous equal stretching of all the n 
bonds in the molecule (as in a symmetrical breathing frequency). The above 
classification of integrals and of their dependencies on internuclear separation 
are used. 
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determined by the values of the bond eigenfunctions </> t and <f> m in two bond 
regions. Since for all examples of h lm neither of the critical bond regions^ 

happens to be the bond a, then it is concluded that = o.* 

V of a, J f a 

The Resonance Energy, R n . —There is a good deal of evidence to 
show that, in cases of resonance between a pure covalent structure and an 
increasing number of degenerate ionic structures, the resonance energy is 
roughly proportional to the number of ionic structures, i.e. R n an nR x . 
Such a condition for the series MX -> MX* means that the average 

bond energy, or the bond energy term 5 remains approxi- 

n 

mately constant, where £) 0 (MX„) is the heat of formation of MX n from 
gaseous atoms. The evidence will be discussed in detail in a later section 
of this paper. In this section the condition R n & nR x will be used to 
simplify eqn. (17) and (20). Substitution of R n = nR x into eqn. (14a) 
for n — n, and comparison with the equation for n = 1, yields the follow- 
ing simple relationships between the integral Y and R x : 

y = - r, « + 5/2 - {( 5 / 2 )* + W*}i. 

Substitution of R n =- nR x and Y = — R x into eqn. (17) gives 

R, 


hence 


M = 


b' = 


zR x + 5 -f- (n — 

b\ 

1 + (n — 1)6/ 




(21) 


From eqn. (21) it can now be seen that if 7 ?„ fta nli x the ionic character 
per bond decreases as n increases, whereas the total ionic character of 
the molecule, i.e. 0* increases, as mentioned previously. 

It follows from (21) that 


(l - 6J\ A, 

\ J 


+ 1 == /(*,) + (« - 1) 


ky 

k,’ 


where 


m 


(nsf 8 )- 


4 - 1 


is independent of n. This result is a considerable simplification of the 
term outside the brackets in eqn. (20). 

Substitution of the above simplifications into eqn. (20) gives the 
following expression : 

(Ri 4 * S \ i lh A 


*l) = - An - 


m 4 - (* - I)h x Ik 


2 (n — 1) 




^1*1 


(22) 


in which W has been eliminated by means of eqn. (18). 


* Using the abbreviated notation, these conclusions with regard to the 
dependence of the different types of cross integrals on the internuclear separa¬ 
tion of a particular M—X bond may be summarized as follows : 
if a, m and n denote three particular bonds, then 

afj<*•-> - h ■ “ °- 

unless a s m, i.e. unless a is identical with m, and 

unless a s m or a s n, 

6 Butler and Polanyi, Trans. Faraday Soc. t 1943, 39, 19. 
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In Part I of this series of papers it was shown that for the case of 
resonance between a pure covalent structure and one ionic structure, the 
expression 

W T = W rl exp (- y(r - r,)) . . . (23) 


was a satisfactory approximation for the dependence of the cross integral 
W on internuclear separation. Since h el is the same integral (when the 
excited structures are ionic), eqn. (23) will be used for the evaluation of 

(^~) . The value of the positive constant y will be discussed later. 


Although the integrals h lk are not equal to h cl (since the former are 
determined by overlaps in two bond regions and the latter in only one 
bond region) it is clear that the derivatives of h lk and h el with respect 
to r a will be closely related. This is determined by the fact that the 
dependencies in both cases arise from the alteration in overlap in one 
bond region, in which region both the bond eigenfunctions concerned 
differ. We have used two approximate formulations of this close con¬ 
nection. 


Assumption I. 


c )h] k 


This is independent of the nature of the non-covalent bond. If the 
excited structures are ionic, this may be formulated more specifically, 
using eqn. (18) and the derivative of eqn. (23) as follows : 



- yW - y{R x {R x -I- S)}». 


Assumption II.—This slightly different approximation applies speci¬ 
fically to cases in which the excited states are ionic. It is assumed that 
the dependence of h lk on r a has the same form as that for h el , i.e. is given 
by an equation of the type (23) with same value for the constant y. Hence, 



- y V = yR x . 


These two assumptions, for the case of ionic excited structures, when 
incorporated into eqn. (22), yield the following bond length equations, 
respectively : 


f(bi) + (« - i)*i/A, ( 




z(n - l)y{<- S)}* 1 

k, J 


~ A " -/(fe ,) + ( n- 1 Wj d (U ~ Yl) " Z (HRi + S) } H) 

Experimental Evidence for the Relationship R n —In this 

section the following terminology will be used. The dissociation energy 
of a bond A—B will be denoted by 1 )(A —B), i.e. the difference between 
the energy of the molecule AB in its ground state and the sum of the 
energies of the radicals A and B in their respective ground states. The 
bond energy term * of the bond A— B will be denoted by T( A—B). The 
energy of a pure covalent bond A—B in a pure covalent structure will 
be denoted by P( A—B). It is assumed that this latter quantity can be 
obtained approximately by application of Pauling's geometric mean rule. 
All the energy terms given in this section are in keal. mole -1 . 

C—F Bonds. —Unfortunately, there are no data for the CH,F mole¬ 
cule from which either D(C —F) or T{ C—F) can be estimated. The 
nearest approach to D(C---F) for CH S F is the corresponding quantity 
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for the molecule F—CH 2 . CH a OH. Assuming that D( C—H) for one 
hydrogen atom on the p carbon atom of CH S . CH 2 OH is the same as 
1 )(C —H) for ethane (which will be very nearly true, since the resonance 
structures arising from the —OH group will contribute almost equally 
in the CH 3 . CH 2 OH molecule and the . CH 2 . CH 2 OH radical) then 
D(C- F) is given by 

D(C —F) - 0 a (FCH 2 . CH 2 OH) - Q a ( CIJ 8 . CH 2 OH) + I>(C—H), 

in which Q a denotes the heat of formation from gaseous atoms, data 
for which have been taken from the book of Rossini and Bichowsky. 6 
The value of D( C—H) has been taken from Baughan and Polanyi. 7 It 
is clear that D( C—F) is independent of the value for the latent heat of 
sublimation of carbon. However, D(C—F) docs depend on the dissoci¬ 
ation energy of fluorine. Rossini and Bichowsky 4 give D(F 2 ) = 63*5. 
Recent work 8 has led to a value in the neighbourhood of 33. Accord¬ 
ingly, two parallel sets of calculations concerning C—F bonds have been 
made ; one, indicated throughout by (0) is based on 7 )(F 2 ) 63*5 ; the 

other, indicated by (6), is based on Z)(F 2 ) -- 33. The values obtained 
for D(C —F) are 117*4(0) and 102*1(6). Application of the geometric 
mean rule, using for D(C —C) the ethane value given by Baughan and 
Polanyi, 7 gives P(C—F) — 74*6(0) and 53*9(6). Hence 

7 ?! - D(C —F) - P(C—F) = 42*8(0) and 48*2(6). 

The data given by Rossini and Bichowsky, 6 lead to the following values 
for Q a (CF A ) : (290 -f L)(a) and (229 f- L)(b), in which L is the latent 

heat of sublimation of carbon. Hence T(C —F), in CF 4 , which is equal to 
Q a ! 4, is (72*5 -j iL)(a) and (57*3 + iL)(b). The correct value for L is 
still uncertain, but recent evidence • adds further support to a value of 
about 170. On this basis we obtain: T(C—F), in CF 4 , is 113*0(0) and 
99*8(6). Combining these with the values for P(C—F) gives RJ4 = 40*4(0) 
and 45*9(6). Thus P 4 /4 is very nearly equal to R v 

It is, perhaps, more strictly correct to compare T(C —F) in 
FCH 2 .CH 2 OH with the corresponding quantity in CF 4 . This can be 
done by making use of Pauling’s bond energy values 10 (which are really 
bond energy terms, see ref. 6 ) for C—H, C—O, C—C and O—II bonds. 
This gives 

7 '(C—F) in FCII 2 . CH 2 OH - (76*1 +JL)(«) and (6o*8 + iL)(b). 

Thus T( C—F) for n — 1 and n — 4 are approximately equal. The same 
procedure applied to F 2 CH . CH t OH gives 

T(C —F) - (81 *6 i iL)(0) and (66*3 + *L)(6). 

Considering the difficulties in the accurate measurement of the heats of 
formation of fluorine compounds, the above results are considered to be 
a satisfactory example of the condition, JR n nR l . Since the two alter¬ 
native values obtained above for D(C —F) are independent of L, they, 
and the corresponding values of R lt have been used in the bond length 
calculations. 

O—II Bonds.—A value for the energy of a pure covalent O—O single 
bond, i.e. P( O—O), is required in order to evaluate the resonance energies 
of the -OH radical and Ii 2 0 molecule, This can be obtained in the 
following way : 

Qa( H.o,) - 2P[ O—H) + P(()—O) 4- /?(H t O,). 

8 Bichowsky and Rossini, The Thermochemistry of the Chemical Substances 
(New York, 1936). 

7 Baughan and Polanyi, Nature, 1940, 146, 685. 

8 Schmitz and Schumaker, Z. Naturforsch., 1947, 20* 359 and 362. 

4 Brewer, Gilles and Jenkins, /. Chem, Physics, 1946, 16. 797. 

10 Loc. cit.* p 53. 
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in which P(H a O a ) is the resonance energy of the H a O a molecule, i.e. the 
difference in energy between the actual state of the molecule and the 
pure covalent state. Similarly, 

G«(H a O) - 2P(0—H) + i?(H a O). 

Eliminating P(O—H) gives 

P( 0 —O) - 0 a(H z O a ) - 0 .(H t O) - {P(H a O.) - P(H.O)}. 

R( H a O a ) and P(H 2 0) will be very nearly equal. In both cases the first 
excited ionic structures form a doubly degenerate set, which will possess 
almost identical energies of separation with respect to the corresponding 
pure covalent states. Owing to the close similarity of the structures 
involved in the two cases, the cross integrals are probably nearly the same. 
Hence, it is considered that 

P(Q —O) * 0.(H,O,) - (?«(H,0) 

is likely to prove a fairly good approximation. Evaluating the Q a 's 
from the data given in Rossini and Bichowsky • gives 

P(0— O) ** 34*9.(ii) 

This happens to be identical with the value which Pauling 11 terms 
the O—O bond energy in hydrogen peroxide. It should be distinguished 
from the dissociation energy of the O—O bond in hydrogen peroxide as, 
for example, obtained by Skinner. 1 * Using the above value for P(C)—O), 
application of the geometric mean rule gives : 

P(O--H) r- 50.2, 

hence R l - D(-D —H) 18 - P(0—H) - 4 o-8, 

for the -OH radical, and 

RJ* -- 4 (?.(H t O) - P(()—H) 50*2 

for the H a O molecule. It is seen that the relationship R n m wP, does 
not hold quite so well as in the case of C—F bonds. This may be due to 

4 - — + 

neglect of the second excited structure HOH and to a small degree of sp 
character in the O—H bonds, the contribution varying as the number of 
bonds is increased. 

N —H Bonds. —Evaluations of resonance energies requires a know¬ 
ledge of the energy of a pure covalent N—N single bond. An ap¬ 
proximate value for this can be obtained by a method similar to that used 
to derive P(G—O) : 

G.(N,H 4 ) = 4 P(N —Ii) + P(N~N) + P(N a H 4 ), 
and Go(NH 3 ) - 3 P(N—H) + P(NH a ). 

Elimination of P(N—H) gives 

P( N—N) - G.(N t H 4 ) - *G.(NH # ) - [R( N t H 4 ) - |P(NH 3 )]. 

In N 8 H 4 and NH 3 the energies of separation between the first excited 
ionic structures and the corresponding pure covalent structures will be 
approximately equal, as will the cross integrals. S*nce there is one extra 
ionic structure in the case of N 2 H 4 , then P(N 2 H 4 ) will probably be some¬ 
what greater than P(NH 3 ). Hence it is concluded that 

P(N 2 H 4 ) ^*P(NH 3 ) 

may be a tolerably close approximation. Thus 

P( N—N) » Qn( N,H 4 ) - f 0 «(NH g ). 

11 Poe. cit.,* p. 54. * 

l * Skinner, Trans . Faraday Soc 1945, 4*» 645. 

18 Gaydon, Dissociation Energies and Spectra of Diatomic Molecules (London, 
I 947). 
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Using the value of 225 for the dissociation energy of the nitrogen mole¬ 
cule, ia together with data in Rossini and Bichowsky,* the Q a 's can be. 
evaluated. This gives 

P(N—N) & 38-0. 

Hence P(N —H) = 62-8 

and RJ 3 - i0o(NH 3 ) - P(N—H) - 30-3. 

A plot of 7 ) against r a (or plots such as log D against log r a , which reduce 
the curvature, somewhat for) the diatomic systems HF, -OH and ■CH 
enables an approximate value for D(N—H) in the :NH radical to be inter¬ 
polated. These methods give an average value of 87*3. (By a more 
elaborate treatment of the same series Glockler 14 has derived a value of 
86-2.) This gives 7 ? x = 87-3 — P( N—H) — 24-5, which is approximately 
equal to Pa/3- The situation for the N—H bonds in the scries :NH, 
•NHj and NH 3 may be complicated, as with O—H bonds, by contribu¬ 
tions from second excited ionic structures and by changes in the sp 
character of the bonds. 

The Resonance Energies of Carbonium Ions. —The series of 
positive ions (C 1 I 3 -CH 2 )+, [(CH 3 ) 2 CH] 4 ' and [(CH 3 ) 3 C]+ provides an ex¬ 
ample of resonance between a single pure covalent structure (with the 
positive charge located on the carbon atom) and an increasing number 
of members of a degenerate set of excited hyperconjugation structures 
all of which possess the same energy of separation relative to the pure 

■+■ 

H I 

covalent structure. The excited structures are of the type CH 3 —C. 

1 

Although these ions do not constitute examples of resonance between 
ionic and covalent structures, since the excited structures involve protons 
it is considered that the relationship between the resonance energy and 
the degeneracy of the excited state is of some relevance to the present 
problem. A. G. Evans 16 has drawn attention to the marked fall in 
ionization potential along the series of radicals, ethyl, isopropyl, tert.- 
butyl, and has pointed out that this entails a pronounced increase in the 
resonance energies of the corresponding positive ions. Approximate 
values for the resonance energy may be obtained from the following 
relationship : 

7 ?(R+) - /(CH*-) + tf(R-) - J(R-) 

in which 7 (CTI 8 ) and 7 (R*) are the ionization potentials of the methyl 
and R (ethyl, isopropyl and tert. -butyl) radicals, respectively, and 7 ?(R+) 
and /?(!<•) are the resonance energies of the R + ion and R- radical, re¬ 
spectively. The values of R(R+) and 7 ?(R+)/w, in which n is the number 
of excited hyperconjugation structures, are given in Table I. It can 
be seen that R n — nRt holds approximately for these carbonium ions and, 

TABLE I 


Radical 

/(R-)» 

R{ R-) 1 * 

*(R+) 

R(R+)/* 

*(R*)/» 

Methyl 

232 

0 

0 

_ 

_ 

Ethyl 

200 

7-2 

39*2 

T 3 'I 

2*4 

isoPropyl 

179 

12-6 

65-6 

109 

21 

tert .-Butyl 


167 

83*7 

9*3 

1-9 


14 Glockler, J. Chem. Physics, 1948, 16, 602. 

16 Evans, Trans. Faraday Soc., 1946, 42, 719. 

16 Baughan, Evans and Polanyi, ibid., 1941, 37, 377. 
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indeed, applies equally well to the corresponding series of neutral radicals, 
R*. 

From the above examples it is evident that the relationship R n — nR l 
is a fairly good approximation, but does not hold rigorously. Indeed, 
it is not expected to do so and small changes in average bond energy 
along a series MX MX n may prove of great importance in certain prob¬ 
lems. However, such variations in the cases dealt with in this paper do 
not have any serious effect on the bond length calculations. 

Details of the Calculations.—The method, by means of which 
eqn. (24I) and (24II) have been used to calculate bond lengths, is that 
which has been designated method I in Part I. 1 This method, which gives 
satisfactory results for the hydrogen halides, uses the approximations : 

- P G .M - D 0 ~ P( M~X) - I)(M —X), 5 « (V 2 ) ri - F g .m, 

and k x = k a , in which k a is the restoring force constant of an M—X bond 
in the actual state of the molecule. It has been pointed out 1 that these 
approximations for R and S involve errors which are opposite in sign 
and about equal in magnitude to those introduced by assuming that the 
energy curves for the pure covalent and ionic bonds are parabolic over 
the relevant region of internuclear separation. 

The values of R 1 and R n ln for the case of C—F, O—H and N—H 
bonds have been discussed in the previous section. For C—O bonds the 
quantity /? 2 /2 may be obtained from the following : 

R 2 - ZD(C~~ O) - 2 / > (C— 0 ) - CMCH 3 OCH 3 ) - 20 a (CH 4 ) 

+ 2 l)(C —H) - 2 JP(C—O), 

in which 27 )(C—O) is the energy required to dissociate both C—O bonds 
in dimethyl ether, and D(C —H) is the dissociation energy of the first 
C—H bond in methane. For the latter quantity a value of 102 has been 
used, the average of three independent determinations. 17 The Q a values 
have been evaluated from data given by Rossini and Bichowsky.® This 
value of R 2 is clearly independent of the latent heat of sublimation of 
carbon. 

The parameters k 2 and V 2 of the ionic structures have been obtained 
by means of the Bom and Mayer equation. 18 The use of this equation 
m this type of calculation has been discussed fully in Part I. 1 The 
following values of ionization potentials and electron affinities have 
been employed : 7 h — 312*2,® Icn a ~ 232, 16 Ey — 96*, Eoh ~ 45 .t 
Eocn» 45 t and £'nh, - 35 -t 

- 4- 4 

For the ionic configurations Oil and Nil, in which the positive ion is 
a proton, the constant p in the Bom and Mayer equation has been given 
the value 0*400, as recommended in Part I 1 for this type of ion pair. 

+ 4 4 

For the configurations CO and CF, in which the C ion possesses an inner 
shell, the constant has been given the value 0*333, i.e. very close to that 
derived by Born and Mayer from a study of the alkali metal halides. 
It must be emphasized that the calculated bond contractions, as in Part I, 1 
are very insensitive to changes in this parameter p. 

11 Baughan and Polanyi 7 ; Kistiakowski, van Artsdalen and Anderson, 
J . Chem. Physics, 1942, 10, 305 ; Sevenson, J. Chem. Physics , 1942, 10, 291. 

18 Born and Mayer, Z. Physik, 1932, 75, 1. 

* E r 96 corresponds to the value of 95*3 obtained by Mayer and Helmholz, 

Physik, 1932, 75, 19, increased slightly to give weight to the higher value 
of 98*5 obtained by Sherman, Chem. Rev., 1932, II, 93. 

t For the electron affinity of OH the value of 40 1# has been increased to 
45 to give some weight to the much higher values derived by Goubeau (see 
ref. 16). F0CH3 Fas been assumed to be the same as Foh* 

t A value of FuHa — 35 has been assumed, merely on the grounds that the 
smaller electronegativity of nitrogen relative to oxygen will probably entail a 
lower electron affinity for NH a than that for OH. 
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The values of r„ the normal intemuclear separation for an ionic bond, 

H— H— 

have been derived as follows. For the CF and CO configurations, r* 
has been obtained from the sum of gaseous ionic radii. Baughan and 
Polanyi 19 have obtained a set of gaseous ionic radii for a number of 
halogen and alkali metal ions, by utilizing the observed intemuclear 
separations in ion pairs to correct the crystal radii. We have extrapolated 
their method of correction to derive a gaseous ionic radius for F~. The 
crystal radius of F _ is 1*36 A ; 80 the extrapolated value of the correction 
is 0*20 A, giving a gaseous ionic radius of i*i6 A. The crystal radius of 
0“ is 1*40 A. 80 This is not widely different from the crystal radius of F~, 
and on these grounds we have also applied the correction of 0*2 A to the 
0“ crystal radius in order to arrive at an approximate value for the gaseous 

+ — . 

ionic radius of oxygen in the structure CH 3 0 —CH a , i.e. a value of 1*20 A 

* 4 - 

has been used. The radius of C appropriate for this type of calculation 
has been taken as 0*56 A, the value derived by Baughan and Polanyi. 1 * 

For the structure HO—H we have decreased the above value for the 
gaseous ionic radius of oxygen in order to allow for the penetration of the 
proton into the electron density of the oxygen. The extent of this 
penetration is very uncertain. 81 It has been taken to be the same as 

that applied to the case of HF (Part I 1 ), i.e. about 0*05 A, giving r 2 =i*i5 A 
+ 

for the structure HO—II. An appropriate value of r 2 for the configura- 
H— 

tion HN is even more difficult to assess. We have assumed a value of 
r 2 = 1*30 A based, merely, on the view that it seems plausible to take 

+ - 

a value somewhat larger than the one used for the configuration HO. 
These estimates are admittedly open to great uncertainties, but it should 
be noted that the calculated bond contractions, like those presented in 
Part I, 1 are very insensitive to changes in this parameter. The values 
of k m have been taken from the following sources : 

C—F bonds, the value for CH a F given by Herzberg, 88 
O—H bonds, calculated from the fundamental frequency of vibration 
in the OH radical, 88 

N—H bonds, the value given by Herzberg 84 for the :NH radical, 

C—O bonds, the value calculated by Bonner 16 for CH,—O—CH a . 

The value of r lt the normal intemuclear separations of pure covalent 
bonds, have been obtained from the sums of the appropriate covalent 
radii. These radii have been taken from the paper of Schomaker and 
Stevenson 8 * except for hydrogen for which the value of 0*32 A, suggested 
in Part I, 1 has been used. 

The value of the constant y, in eqn. (23), which governs the dependence 
of the cross integrals upon intemuclear separation, requires some comment. 
For O—H and N—H bonds, the ionic structures, in so far as they involve 
protons, are very similar to those which arise in the hydrogen halides. 
Satisfactory calculated values of bond contractions were obtained by the 
use of the same value of y for all four hydrogen halides. It seems a very 

19 Baughan and Polanyi, Trans. Faraday Soc., 1941, 37, 648. 

80 Loc. cit p. 350. 

81 Warhurst, Trans. Faraday Soc., 1944, 40, 26. 

88 Herzberg, Infrared and Raman Spectra of Polyatomic Molecules (New York, 
1945 ). 

83 Molecular Spectra and Molecular Structure. I. Diatomic Molecules (New 
York, 1939). u Loc. citV 

88 Bonner, /. Chem. Physics , 1937, 5 » 293. 

,f Schomaker and Stevenson, J. Amer. Chem. Soc., 1941, 63, 37. 
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plausible step to extend the use of this value of y 1-5) to the case of 
O—H and N—H bonds. For C—F bonds the procedure, which follows 
strictly that used in Part 1 1 for the evaluation of y for the hydrogen halides, 
would be to plot log W against r x for the series CH a F, CH # C 1 , CH # Br and 
CH a I. However, as will be illustrated briefly in the discussion, there 
are good reasons for considering that this method cannot be expected 
to give a satisfactory result in the case of this series. Failing this approach 
we have calculated the bond contractions for C—F bonds (and also for 
C—O bonds) using the simple assumption that the value of y is the same 
as that which has been derived for the hydrogen halides in Part I, i.e. 
y ^ i* 5 - 


Discussion 

Bonds with Partial Ionic Character.— The calculated and observed 
values of A, the bond contraction, and the squares of the participation 
coefficients of the ionic structures are shown in Tables III and IV. 

TABLE II 


Bond 

Rjn 

Ri 


'1 


*« 

At 

C F 

(<*)/ 4<M 

42*8 

62 -6 

1-49 

172 

864 

206 


(*) 145'9 

48*2 

417 

1*49 

172 

864 

206 

O—H 

50-2 

40-8 

140 

1-06 


1125 

191 

0---C 

‘87 

— 

98*2 

1*51 

176 

661 

200 

N—H 

3°"3 

24 ‘5 

170 

l-o6 

1-30 

874 

189 


In all the Tables r a , fi, r 2 and A are given in A, 7 ? and S in kcal. mole -1 
k a and k % in kcal. mole 1 A’ *. 


TABLE III 






- A (calc.) 


b 

, 2 

n 

< 

Molecule 


A (obs.) 









(obs.) 

('1 ~ r a) 

Assumption I 

|Assumptiou II 

1 

(«) 

(b) \ 

(a) 

w 




(a) 

(*>) 

(«) 

(b) 

CH,F 

f 1 -39 (a) 

S 1-384 (*) 

U-38 (c) 

0-10 "I 
o-io fl V 
O-II J 

0-1 1 5 

o-l 2 g 

o*ii 6 

0*12, 

0-288 

0*349 

0-288 

o*349 

CH,F, 

CHF, 

cf 4 

J132 (d) 

\i -36 (°) 

1-322 (6) 
1-36 (a) 

0-17 \ 
o-i3 / 

o-ibo 

013 

J 1 

014* 

1 O*l0 6 

0*176 

0*^57 

0*174 

o*i8 8 

o*i3o 

0* I 2 a 

0*13* 

0*137 

0*144 

0*14® 

0-224 

0*183 

0*155 

0-259 

0-206 

0-171 

0-448 

0-549 

0.020 

0-518 

o-6i8 

0-684 


(a) Wheland, The Theory of Resonance (New York, 1944)* 

(b) Gordy, Rev. Mod. Physics , 1948, 20 , 712. 

( c) Herzberg and Bernstein, J. Chem. Physics, t'1948, l6 t 36. 

(a) Stewart and Nielsen, Physic. Rev., 1949, 75, 640. 

The values of the latter parameter b\ have been obtained from eqn. (21) 
and are thus based on the condition R n f*& nR v It is seen that for all 
the series the first member exhibits a bond contraction and that, as the 
number of bonds increases, there is a further slight contraction in bond 
lengths. As pointed out in the introduction, these are the two main 
features shown by the experimental data. The agreement between the 
calculated and observed values of A is very satisfactory in view of the 
complexity of the problem, with the exception of the series for N—H 
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TABLE IV 




A 

A (calc.) j 

£ 


(obs.) 

( r l *a) 

Assumption 1 

Assumpti 

on II 

n 

•OH 

0-971 (a) 

0-089 

(o-lOj) o-i 2 4 

(o-iOj) 

0-I2 4 

0-209 

OH 2 

0-958 (b) 

0-102 

(o-I 2 2 ) o-l 5l 

(o-io,) 

0-I2 6 

0173 

O—CH, 

_ 

_ 

— o-io e 

_ 

o-io e 

0*185 

CH,—O -CH, 

1-42 (<•) 

O-OC) 

1 -- o-I 3 6 

— 

o-ii 0 

0-156 

:N1I 

1-038 (a) 

0-022 

(o*° 7 e) °*°9 3 

(°'° 7 «) 

0-093 

0-132 

*N1 1 2 


— 

(0-093) o-i i 6 

(°'° 7 «) 

0*094 

o-u6 

NH a 

i-oio ( b ) 

0-05 

(o-io 7 ) o-i3 2 

(0-07,) 

1 

0*095 

0-104 


(a) Herzberg. 23 

(b) Herzberg. 22 

(c) Wheland, The Theory of Resonance (New York, 1944). 

The values of A given in parenthesis for ()—H and N—H bonds are those 
calculated on the basis of R — R v 

bonds, for which the method considerably overestimates the contractions. 
This satisfactory agreement is considered to justify the assumptions and 
approximations which have been made in the treatment. It should be 
noted that the rough agreement between calculated and observed bond 
contractions for both the molecules discussed in this paper and those 
dealt with in Part I has been obtained using the same approximation for 
the dependence of resonance or cross integrals on internuclear separation. 
Eqn. (23) with the same value of y, viz. 1-50, has been used throughout 
for this dependence of resonance integrals which arise in the perturbation 
of a pure covalent bond by an ionic component. It would thus appear 
that this approximation, although very rough, is of fairly wide applica¬ 
bility for this type of integral. The calculations also reveal another 
point which is very striking. In each series, as n increases, A increases 
in magnitude slightly, but b 2 , i.e. the ionic character per bond, decreases. 
Thus the treatment results in the interesting consequence that the further 
contraction in the C—F bond length from CH 3 F to CF 4 runs parallel to 
a decrease in the C—F bond moment. The latter, as mentioned earlier, 
has not been investigated experimentally but the effect certainly exists 
in the correspondening series CH 3 C 1 ->CHC 1 3 . 4 The quantity nb J is a 
measure of the total positive charge on the central atom M. This, it 
can be seen from eqn, (21), increases with n, but the increase is less rapid 
than that corresponding to direct proportionality and it shows a saturation 
effect. We consider that this is the most plausible behaviour of the 
unstable charge distribution (see also ref. 3). 

Eqn. (2 t) and (22) are quite general and do not depend on the type 
of excited structure, provided for each excited structure the excitation 
is confined to one bond only of the pure covalent structure. The only 
special condition attached to eqn. (21) is that the average M—X bond 
energy remains approximately constant along the series. It is clear 
from eqn. (21) that the decrease of b * with increase in n is more marked 
the larger the value of b\, that is, for example, the greater the ionic char¬ 
acter or double-bond character in the bond of the first member of the 
series. This is illustrated for a number of values of b * in Fig. 2. The 
broken curves labelled (a) and (b) are the actual values of 6* for the series 
CH 3 F CF 4 , based on the two alternative values for D(F 2 ), 

Eqn. (22) shows that the behaviour of the bond contractions along a 
series is the result of two opposing factors. As n increases, 6* decreases 
and this causes a decrease in the value of the multiplier outside the brackets 
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on the right-hand side of the equation. This factor acts in the direction 
of increasing the bond length along the series. The first two terms within 
the brackets, (r* — rj, and the term involving the derivative of the cross 
integrals W between the pure covalent structure and individual excited 
structures, are independent of n. Thus, if the effect of resonance integrals 



Y between members of the set of excited structures is neglected, then 
the net result would be an increase in bond length as n increases. However, 
as n increases, it is clear that an increasing number of negative terms 
(derivatives of cross integrals (Y) with respect to internuclear separation) 
make their appearance inside the brackets and this offsets the first factor. 
In the series treated in this paper the latter effect is always slightly larger 
in magnitude than the former. From the discussion, given in an earlier 
section, concerning the nature of the cross integrals and their derivatives 
it is cleai that the structural relationships between the integrals W and Y 
and their derivatives MV/Dr* and DV fhr a are independent of the nature 
of the non-covalent bond which characterizes the excited structures. 
Hence it follows that the approximation 



should be applicable to cases involving any type of excited structure, 

+ 

for example, those which contain the configuration M — X. It there¬ 
to e seems plausible to conclude that in the case of double-bonded excited 
structures also, as n increases, the effect of the increased number of 
negative terms within the brackets in the bond length equation will prob¬ 
ably out-weigh the effect of the decrease in b*, and thus result in a further 
contraction in the bond length. 

Bonds with Partial Double-Bond Character. —The above con¬ 
siderations are of great use in removing a number of serious difficulties 
attached to the usual explanation of the contracted bonds in polyhalide 
molecules solely in terms of partial double-bond character.* 7 For halides 
of the type MX n , in which M is an element of the second or higher rows 
of the Periodic Table, there are two possible types of first excited structure. 

These are, the ionic structures X„_ x MX and the double-bond structures 

27 Loc. cit ., 2 chap. VII. 
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+ 

X b _jM — X. In any individual case it is difficult to assess the relative 
importance of these two types of excited structure and detailed calcula¬ 
tions of the kind described in this paper, are not possible in such a com¬ 
plicated case. However, an incorporation of certain aspects of this 
theoretical treatment in a more empirical approach leads to some con¬ 
sequences of interest. A few examples will suffice to illustrate this. 

Si—Cl Bonds. —The observed Si—Cl bond lengths in the chloro- 
silanes are as follows: 18 SiH 3 Cl, 2*06 ± 0*05 A; SiH f Cl 2 , 2*02 ± 0*03 A; 
SiHCl a , 2*oi ± 0-03 A ; and SiCl 4 , 2*00 i 0*02 A. The sum of the 
covalent single bond radii of silicon and chlorine is 2*16 A. In discussing 
SiCl 4 , Pauling uses a curve connecting bond length with partial double¬ 
bond character derived from his well-known curve for carbon-carbon 
bonds 18 and from this he concludes that the bond contraction in SiCl 4 
(o*i6 A) corresponds to each Si—Cl bond possessing 50 % double-bond 
character. 80 In order to ensure the correct polarity of the bonds, i.e. 
silicon positive, it is assumed that the ionic structures, which involve 
•4* — 

the configuration Si Cl make an even greater contribution to the actual 
state of the molecule. This does not seem to be a satisfactory description 
of the molecule. Since we have shown that, for this type of molecule, 
b * and the bond contraction can change in opposite directions along a 
series, it is not permissible to use a bond-length —% double-bond curve 
in the case of a tetrahalide for the purpose of estimating the percentage 
double-bond character from the bond length ; the mono-halide should be 
used.* Further, since there is a considerable electronegativity difference 
between silicon and chlorine the bond contraction arising from resonance 
between pure covalent and ionic structures cannot be neglected. 

A much more plausible description of this series of molecules, which 
accounts qualitatively for the bond contractions, can be made on the 
following lines. In Part I 1 it was shown that, for single covalent bonds, 
for which the predominant perturbing influence is partial ionic character, 
a very rough linear relationship holds between the bond contraction and 
the ionic resonance energy, R it . This can be used to estimate approxi¬ 
mately the contraction in an Si—Cl bond which arises from the ionic char¬ 
acter. The value of R ic , based on the geometric mean rule, is 36*2 keal. 
mole -1 . This gives ^o-io A for the “ ionic contraction 

This figure is as large as the observed contraction in SiH,Cl. It might 
be concluded, then, that the above series of Si—Cl bonds constitutes a 
case like the C—F series, i.e. one in which the predominating effect on 
the bond length is the ionic character. In this case there is no difficulty 
in accounting for the net polarity of the bonds, nor in accounting for the 
fact that the Si—Cl bond moment decreases along the series f since the 
percentage ionic character per bond will decrease from SiH s Cl to SiCl 4 . 

18 Brockayand Beach,/. Amer. Chetn. Soc., 1938, 60, 1836; Brockway and 
Coop, Trans. Faraday Soc., 1938, 34, 1429. 

19 Loc. cit p. 174. 80 Loc. cit p. 228 et seq. 

* Even in this case this procedure assumes that the formal charges across 

4 ~ 

the double bond, i.e. M —X, have no effect on the bond length. If the effect 

+ - 

of these formal charges is similar to that which operates in the case of the MX 
configuration, then, in the bond length equation (for n -- 1), the importance 
of the negative term containing the derivative of the cross integral will be in¬ 
creased relative to that of the term r t — r x (see Warhurst, Trans. Faraday Soc., 
1944, 40, 26, also ref. 1). The result will be that, for a given bond contraction, 
the percentage double-bond character estimated from the above curve will be 
too large. This effect merely adds further weight to the conclusions reached 
in this section, namely, that Pauling’s treatment of this type of molecule 
seriously overestimates the percentage double-bond character in attempting 
to account for the bond lengths. 

fBroikway and Coop, Trans. Faraday Soc., 1938, 34, 1429. 
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However, it must be noted that the above linear relationship is only very 
approximate and, further, the experimental accuracy (± 0*05 A) of the 
determination of the Si—Cl bond length in SiH 8 Cl is not very high. So 
that it is possible that a part of the observed contraction is due to double¬ 
bond character. It seems safe to conclude that certainly not more than 
one-half of the observed contraction in SiH 8 Cl should be attributed to 
partial double-bond character. Taking this as an upper limit, the bond 
length—% double-bond curve gives 10% double-bond character for a 
contraction of 0-05 A. Thus b\ <0*1. Substituting this in eqn. (21) 
gives 6J < 0-077. The detailed calculations for a number of molecules 
presented in this paper have shown that, despite a decrease in ionic char¬ 
acter per bond, as n increases the bond length decreases and we have 
also shown that this feature probably also applies to partial double-bond 
character. Thus the contracted bond length in SiH # Cl and the further 
contraction along the series can be accounted for qualitatively on the 
basis of somewhat less than 8 % double-bond character per bond in the 
case of the tetrahalide. With such small contributions there is no diffi¬ 
culty in accounting for the net polarity of the bonds in terms of greater 
contributions from the ionic structures. The fall in bond moment along 
the series also can be accounted for satisfactorily. The decrease in partial 
double-bond character per bond, corresponding to a decrease in the 


polarity M—X, along the series tends to cause an increase in net polarity 

M—X. However, since the ionic character per bond is greater than the 
partial double-bond character for any member, its decrease with n will 


be faster (eqn. (21)), and thus the net polarity M—X will decrease along 
the series. 

Si—F Bonds. —The Si—F bond length in SiF 4 is 1-54 ± 0-02 A .* 1 
Using the revised value for the covalent radius of fluorine,the sum 
of the covalent single bond radii is 1-89 A and that for the double-bond 
radii is 1-69 A. The observed distance is thus 0-35 A less than the pure 
single-bond length and even less than the pare double-bond length. There 
can be little doubt that a considerable part of this contraction arises 
from the large partial ionic character of the bonds. The ionic resonance 
energy, R ie , for an Si—F bond is 91 keal. mole -1 . Using the graph given 
in Part I, this value corresponds to an " ionic ” contraction of ~ 0-26 A. 
Thus, of the total contraction, only about 0-09 A arises from partial 
double-bond character. Referring this to a bond length—percentage 
double-bond curve, gives a figure for the double-bond character of 30 %. 
For reasons given above this figure is an over-estimate since the molecule 
is a tetrahalide and not a monohalide. Hence b* < 0*3. From eqn. (21) 
we obtain b\ < 0-15. This result, that the bonds in SiF 4 possess some¬ 
thing less than 15 % partial double-bond character, goes a long way 
towards removing the difficulty of accounting for the net polarity of the 
Si—F bonds in terms of greater contributions from ionic structures. 

Eqn. (21) and (22) could also provide a qualitative explanation of the 
results obtained by Skinner and Sutton 8 for the Sn—X bond lengths in 
the series of molecules (CH 3 ) 4 _ n SnX n , X = Cl, Br, I and n = 1, 2, 3, 4. 
It is clear that, by means of these equations, the progressive decrease 
in the Sn—X bond length, as n increases, can be understood without the 
necessity of assuming an increase in percentage double-bond character 
per bond and consequently an improbable behaviour of the charge on 
the Sn atom.* 

The decrease in C—F bond length along the series CH 8 F -*CF 4 has 
been attributed by Brockway 11 to the participation of structures of the 

type FC = F. At the time this hypothesis was put forward, it was 


#1 Loc. cit .,* p. 233. 


** Loc. cit.* p. 235. 
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considered that the C—F bond length in CH S F was identical with the co¬ 
valent radius sum. However, the revised radius for fluorine together 
with recent electron diffraction and spectroscopic results for the bond 
length in CH S F has shown that this bond exhibits a contraction (o*n A) 
which is much larger than the further contraction. This large con¬ 
traction shown by CH 3 F is quite inexplicable on Brockway's theory. 
Further, it does not seem inevitable that the above type of structure 
should produce a bond contraction, since one of the C—F bonds can only 
achieve double-bond character by reducing the binding force between 
the carbon atom and the second fluorine atom to very weak polarization 
forces. In view of these comments, together with the fact that the 
treatment described in this paper gives satisfactory results for the bond 
lengths of all the members of this series, we have concluded that, while 
such “ no-bond " structures may have some significance in the general 
description of the molecules, they have a negligible effect on the bond 
lengths in the actual states of the molecules. 

Some General Considerations. —From Pauling's work 2 and the 
empirical data and calculations presented in this paper and Parts I and 
II, it appears that there are a number of properties that are character¬ 
istic of single bonds which possess partial ionic character. These pro¬ 
perties are : (a) the bond possesses “ extra ionic ” resonance energy, 2 

(b) the bond is shorter than the corresponding covalent radius sum, the 
contraction being roughly proportional to the ionic resonance energy, 1 

(c) the bond possesses a dipole moment 2 and (d) the frequency of vibra¬ 
tion, corresponding to stretching the bond, decreases when the molecule 
which contains the bond is liquefied or dissolved in a non-ionizing 
medium. 1 * 21 The sensitivity of this latter change is greater the greater 
the ionic character. However, it should be realized that an examination 
of the relevant empiiical data for CH 3 CI, CH 3 Br, CH 3 I indicates serious 
discrepancies with regard to the above generalizations particularly in 
the case of CH 3 I. We are inclined to the view that the description of 
the carbon-halogen bonds in the methyl halides simply in terms of 
resonance between ionic and covalent structures is a satisfactory approxi¬ 
mation only in the case of CH 3 F, for which the partial ionic character 
is relatively large. With the remaining molecules some addition factor 
makes an increasingly important contribution along the scries 

CH 3 C 1 ->CH 3 I. 

These discrepancies constitute the main reasons why we have not con¬ 
sidered it worth while to carry out bond length calculations for C—Cl, 
C—Br and C—I bond series. Nor have we thought it justifiable to use 
the series CH 3 F, CH 3 C 1 , CH 3 Br and CH 3 I for an approximate evaluation 
of the constant y in eqn. (23) by the method which was used in Part I 
for the hydrogen halides. There is also a further factor which will 
impair the value of bond length calculations for these series. It is clear 
from the force constant work of Badger 33 and Linnett 84 that, in the case 
of chloro-, bromo- and iodo-methanes which contain two or more halogen 
atoms, the repulsion forces between halogen atoms are probably by no 
means negligible.* These forces will tend to lengthen the carbon halogen 
bond length relative to that in the methyl derivative (cf. ref. 34). 

In spite of discrepancies in certain cases it seems justifiable to conclude 
that, on the whole, the concept of resonance between ionic and covalent 
structures can be applied with considerable success to a fairly wide field 
and can be very useful in establishing connections of considerable inteiest 
between otherwise unrelated phenomena. 

** Badger, /. Chem. Physics , 1935, 3, 710. 

* 4 Heath and Linnett, Trans. Faraday Soc. t 1948, 44, 561 and 878. 

* This effect, of course, may operate, to a smaller extent, in the series 
CH 8 F,-*CF 4 . 
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ELECTRIC DIPOLE MOMENT STUDIES 

PART I.—AN ANALYSIS OF THE MOMENTS OF ETHYLENE 
OXIDE AND ITS HOMOLOGUES 


By W. L. G. Gent 
Received 13 th May, 1949 

The moments of ethylene oxides and its homologues have been calculated 
employing (i) the model of Frank (as used by Groves and Sugden) in two ways, 
viz. by treating the methylene group as a compound atom (Model I) or as a 
group (Model II), and (ii) that of Smallwood and Herzfcld in a modified form 
(Model Ill). It is concluded that the dipole moments of dimethyl ether, 
ethylene oxide and the homologues may be explained by assuming the bond 
4 - - * 4 - 

moments of /x(C — O) ~ 1*7!) and /u(C—H) 0-4 D and by modifying the 

vector sum of the bond moments by contributions from secondary moments 
caused by electrostatic induction in all of the atoms by the (C-—O) group 
moments. 


The magnitude and direction of the electric dipole moment of a mole¬ 
cule are expressions of the electric dissymmetry over the whole aggregate 
of atoms. Electric moment studies during the period 1923-1930 were 
dominated by the idea that the molecular dipole moment is no more 
than the vectorial sum of the independent moments of pairs of atoms. 
By 1929 sufficient experimenal data had accumulated for it to become 
clear that simple vectorial addition of either group moments, as derived 
by Williams, 1 or of bond moments, as calculated by Eucken and Meyer, 2 
were only of limited value for the prediction of molecular dipole moments. 
The critical survey of van Vleck 3 indicated the limits of validity of this 
treatment. 

The causes of these defects are clearly interactions between different 
atoms or groups of atoms in the molecule. Where mesomeric and similar 
effects 4 are absent or of small magnitude the most obvious deviation 
from the simple vectorial addition will be caused by what may be de¬ 
scribed in terms of classical physics as electrostatic induction of secondary 
moments by the primary dipoles in a molecule. 

Hojendahl 6 recognized the probably important effect of secondary 
moments induced by polar groups on the summation for the molecular 
moment and also that, as Thomson 8 had suggested, two polar groups 
close together would interact to cause distortion of valency angles. This 
being so it became apparent that the determination of the geometry of 
molecules b}' analysis of dipole moment data is unlikely to be a satis¬ 
factory procedure. As a consequence of this, electric moment studies 

I Ffysik. Z 1929, 30, 391. 8 Ibid., p. 397. 

iheory of Electric and Magnetic Susceptibilities (1932). 

4 See Gent, Quart. Rev., 1948, 3, 383. 

Physik. Z., 1929, 30, 390. 6 Phil. Mag., 1923, 46, 513. 

36 
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after 1930 have been largely concerned with estimation of inductive 
effects and of mesomerism in molecules whose geometry has been deter¬ 
mined by one or the other of the more certain methods. The problem 
of geometrical distortion by interplay of polar groups has also disappeared 
except in certain special cases such as that of restricted rotation about a 
bond as in 1 : 2-dichloroethane. 7 

The earliest attempt to calculate the magnitude of induction effects 
was made by Smallwood and Herzfeld 8 in an analysis of the electric 
moments of the disubstituted benzenes. The basic assumption which 
these authors made is that the electrostatic laws describing the behaviour 
of bulk dielectrics can be applied to molecules. The moment induced 
in an atom or group is defined by g, — ctE where a is the polarizability 
of the group at a point where the field intensity is E. The field strength, 
at any point, generated by a primary dipole directed along one axis of 
a set of rectangular co-ordinates can be expressed in terms of its ,v and y 
components and the polar co-ordinates of the point. Combination of 
these two relationships leads to equations for the x and y components of 
the induced moment. It was found necessary, in order to give coherent 
results, to locate the primary dipoles at the points of contact of the atoms 
taken as spheres with normal covalent radii. 

Using this model Smallwood and Herzfeld found that the difference 
between the calculated and observed values of the electric moments of 
many disubstituted benzenes could be reduced to the order of experi¬ 
mental errors. Smyth 9 applied the method to simple derivatives of 
methane with some success and later made more systematic application 
of these ideas to a variety of molecules, ultimately forming a table of 
bond moments 10 and interpreting it m terms of Pauling’s electro¬ 
negativity system. 

On the same assumptions but using a different molecular model, 
Groves and Sugden 11 calculated group moments in aliphatic compounds 
with a view to estimating the magnitude of the mesomeric effect in benzene 
derivatives. These calculations depend on a theory put forward by 
Frank 12 and his solution of the practical problem of computation. 

In considering the nature of solvent effects 011 the measurement of 
dipole moments in solution Frank suggested that the component atoms 
of molecules could be treated as spheres of solid dielectric material. Since 
the field strength at a point varies inversely as the cube of the distance 
from the dipole it is necessary to make allowance for this effect in cal¬ 
culating the moment induced in an atom since the field intensity will 
not be the same at all points within the sphere. Furthermore, if the 
molecule is treated as a solid dielectric there will be a reduction of field 
intensity at any point. Under the conditions imposed by such a model 
the induced moment in any element of an atom is a function of the polar 
co-ordinates r, 6 of the element and its extension /, the primary moment 
being situated at the origin of the co-ordinate system and along one of 
the axes. Frank showed that the triple integral expressing the moment 
induced in a whole atom can be solved graphically. 

In applying this treatment to the problem of intramolecular induction, 
Groves and Sugden overcame the two defects of the earlier method. Allow¬ 
ance is made for the field intensity variation over the volume of the atom 
and the reduction of field strength by dielectric behaviour of the molecule. 
In their calculations Groves and Sugden considered only one or two 
aliphatic molecules containing the same polar bond whose moment it 
was desired to estimate and it seemed desirable to test the method more 
fully. 

7 Smyth, Dornte and Wilson, J. A met. Chem. Soc., 1931, 53, 4242. 

8 Jbid., 2930, 52, 1919. 8 Trans. Faraday Soc., 1934, 3°* 75 2 * 

10 ./• Physic. Chem., 1937, 41, 209 ; J. Amer. Chem. Soc., 1938, 60 , 183. 

11 J. Chem. Soc., 1937, *992. 19 Proc. Roy. Soc. A, 1935, 152, 171. 
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Simple homologous series would provide the most suitable data for 
analysis, but the difficulties of treating the dynamic geometry of chain 
molecules of more than two carbon atoms in length suggested that cyclic 
compounds of which the geometry is either known or determinable are 
to be preferred. The moments of the cyclic ethers are recorded in the 
literature and have been used for an exploration of the possibilities of 
Frank's and other models. It was early appreciated that since for each 
molecule the observed moment would be expressed in terms of the 
primary moment between carbon and oxygen and the moment of the 
H—C linkage it might be possible to derive a magnitude and direction 
for the II—C bond. 

Description of the Models. — Two types of model were used in cal¬ 
culating the induced component of the molecular moment : 

(i) that of Frank as used by Groves and Sugden, either treating the 
methylene group as a compound atom (Model I) or as a group (Model II) ; 

(ii) that of Smallwood and Herzfeld in a modified form (Model III). 

TABLE I.— Analysis of Molecular Moments 


(Model 1 ) 


j 

! <0 

O') 

1 (lid 

(»V) 

(v) j (VI) 

Substanc e 1 p 

a 


! c 

i 

/*( CHO-0) 
D 

MH-C; 

>(C'H r O) 

I D 

Dimethyl ether. . ,1-28 

i-i.N 

- 0-3.88 

i 1*032 



' 2-50 

Ethylene oxide. .1 -88 

1 

j — 0-808 

| — 

(-■14) 

(-o-i 6) 

2-14 

Trimethylene oxide . ; 2-01 

j 



2*47 

(-O- 0 Z) 

j 

! P }()0 

j — 0*410 

j 115*2 

1*59 

(-0-28) 

2-48 


! 


! 

3*17 

-0-29 


Tetramethylene oxide 1*71 

i 

; 1‘LVI 

— o-lo6 

! 1-782 


-fo-o(> 

—0-87 

1 2 * 1 8 



Average 

Value 

2-40 

-o-37 

t 

TABLE 11.- -Analysis ok Molecular Moments 



(Model 11) 






(i) 

(») 

(in) 

(iv) 

(v) 

(VJ) 

Substance 

a 

b 

c 

^(CIVO) 

D 

*(H-C) 

D 

/i(CH 2 -0) 

D 

Dimethyl ether . 

1*134 

-0*154 

1*932 



2-20 

Ethylene oxide . 

1*085 

“0-495 

— 

(i-5») 

(-o-i 4 ) 

I-58 

Trimethylenc oxide . 




2-18 

(+0-16) 


1-360 

—0-204 

1-152 

2-17 

( — 0-08) 

2-15 

Tetramethylene oxide 




2-26 

— 0-44 


1*134 

0-014 

1-782 


-0-44 

2-20 






-0*49 




Average Value 

2*20 

—0-46 
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TABLE III.— Analysis of Molecular Moments 


(Model III) 


Substance 

(i) 

(ii) 

(hi) 

(iv) 

(v) 

(vi) 

a 

b 

c 

MCHrO) 

D 

a*<h-q 

MCH.- 0 ) 

D 

Dimethyl ether . 

i'i 34 

0-766 

1-932 



l-8o 

Ethylene oxide . 

1-685 

-0-654 

— 

(2-02) 

(-o- 5 8) 

2-02 





I-69 

(-0-78) 


Trimethylene oxide . 

1-360 

0-084 

1-152 

2-o6 

(~o- 4 6) 

1-72 





i *59 

—0-38 


Tetramethylene oxide 

J*i 34 

0-220 

1-782 


— o-6i 

1-74 






-0-23) 


Average value 

x- 7 8 

— 0-41 



For Models I and II the equations connecting induced and inducing 
moments are 


fl {x fl 

fin, = n 


a . . 21*1 

3 £ o nr*’’* 1 

a . 

3«o nr 2 r Vi 


(i) 


The inducing moment /z is considered to act along the ,r-axis of a 
system of rectangular co-ordinates, ^. ix and fi iv are the x and y components 
of the induced moment, a is the atom or group polarizability, e and c 0 
the atom or group and intra-molecular dielectric constants respectively 
and y is the covalent radius of the atom polarized. r K and r v are the co¬ 
ordinates of the centre of the atom or group and the quantities ^A x and 
are dependent on the equations : 


a 2 

A * = j 2 • sin 0 (3 cos* 0 - 
a 2 

A v = ~ . 3 cos 2 0 . sin 0 



( 2 ) 


d and 0 are the polar co-ordinates of a square element of side a in the 
cross-section of the polarized atom. The area between the axes of the 
co-ordinates is divided into such elements each of which has an A value. 
The calculations were made with square mosaics in which a — 0*5 A.* 
It was considered that the assumption by Groves and Sugden of spheric¬ 
ally symmetrical polarizability for the methyl and methylene groups 
would cause a relatively large error and in Model II, therefore, the cal¬ 
culation was made for separate C and Ii inductions. 

Calculations were made with Smallwood’s model modified (Model III) 
as the assumption of uniform polarizability over a spherical atom in 
Models I and II seemed extieme in view of the fact that the polariza¬ 
bility of an atom depends almost entirely on the binding electrons. It 
is equally certain, of course, that the bonding pair is not concentrated 
at one point so that Model III is the opposite extreme to Models I and II. 

* A mosaic of A m and A v for 0-25 A squares was constructed and the induced 
moment computed for two of the molecules (dimethyl ether and ethylene oxide). 
Although a different value of the induced moment was obtained, the direction 
also differed and the net contribution to the molecular moment was not ap¬ 
preciably different to that computed from the 0*5 A mosaics. 
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In the same symbols as eqn. (1) the relations between induced and 
inducing moment is given by 


Nx = 

Hy = 


fi . a . (3 cos 8 0 — 1) 

7 #* 

/x . a . 3 cos 0 sin 0 

7 ^ 


(3) 


where a is now the bond polarizability, that is the sum of the parts derived 
from eacli atom. For the C—O bond it is assumed that the unbonded 
pairs of the oxygen atom are equally as polarizable as the bonding pairs 
so that 


a(C—O) - £a(C) -f £a(0). 


In a few cases, such as for the C—H bond, it may be possible to derive 
a true bond moment, but whenever one of the atoms possess unbonded 
electrons the moment is best termed a group moment. A similar desig¬ 
nation is given to the moment of a chemical group such as CH 2 —O and 
written /i(CH a —O). 

In the first part of the present investigation it is this quantity which 
has been calculated rather than |n(C—O) to avoid the inclusion of in¬ 
duction terms from the hydrogen atoms attached to the carbon atom. 
At the short distances (less than 1 A) the errors will be relatively much 
greater than for the induced moments in the rest of the atoms of the 
molecule. This moment, g(CH 2 —O), has been directed along the axis 
of the C—O bond whereas, in fact, the resultant moment of the group is 
at an angle to this direction. In effect, the moment calculated is the 
component of the group moment parallel to the C—O bond, the normal 
component being neglected. This is made up of the normal components 
of the two H—C moments and of the induced moments in the hydrogen, 
both of which are expected to be small compared to g(C—O) and directed 
oppositely. The error, therefore, would be of the same order as that 
caused by omission of secondary inductions and inductions by C—H 
moments. 

Data Pertaining to Geometry, Dipole Moment and Polarizability 
of the Molecules. —Internuclear distances were derived from the normal 
covalent radii quoted by Pauling. 13 The oxygen valency angle was 
found to be hi 0 in dimethyl ether by Sutton and Brockway 14 and in 
tctramcthylene oxide by Beach. 16 It has the calculated value of 65*2° in 
ethylene oxide according to Ackennann and Meyer. 14 The value of 94*3° 
was calculated for trimethylene oxide according to the method of least 
strain suggested by de Vries Robles. 17 Applied to a planar model of tetra- 
mcthylenc oxide this method gives ni° in agreement with the experi¬ 
mental value. Values of dipole moments have been taken from tables 18 
and that of dimethyl ether from the publication of Groves and Sugden. 19 

The values for trimethylene and tetramethylenc oxides are from 
solution measurements, but the error involved by not using vapour 
phase measurements is not great enough to be of importance.* Polar¬ 
izability values are derived from the collections in Landolt-Bomstein. 

Limitations of the Methods. —Considerable approximations are made 
in the calculations, the chief of which are as follows : 

(i) The primary dipole is situated at the point of “ contact " of 


18 Nature of the Chemical Bond, 2nd ed. (1941). 

14 /. Amer. Chem. Soc., 1935, 57, 473. 16 J. Chem. Physics, 1940, 9, 54. 

16 Ibid,, 1936, 4, 377. 17 Rec. trav. chim., 1939, 58, in. 

18 Trans. Faraday Soc., 1934, 3°* 19 /• Chem . Soc., 1937, I 779- 

* In general ^«m/aa§o1. > 1 for molecules in which the dipolar axis lies along 
the greatest length axis, f For trimethylene and tetramethylene oxides the length 
axes are about equal so that an error of > 10 % is not likely, 
t Frank, lot. cit. 
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spherical atoms defined by normal covalent radii. The additivity of 
covalent radii implies that they represent the mean position of the bonding 
electron pair from the nucleus ; the general contraction of these radii 
in a period of typical elements, e.g. Li to F, supports this. For a primary 
bond moment of i D this polar separation will be about o*i A so that 
the electrical centre of the bond would be displaced about 0*05 A towards 
the more electropositive atom. In the absence of any data as to the 
magnitude of primary bond moments and since the effect is so small the 
electrical centre of gravity is best sited as the position of the electron pair. 

(ii) The electrostatic law pertaining to a point dipole is applicable. 
The configuration of a field generated by a point dipole is not likely to 
be very different from that caused by a dipole of length 0*1 A (see above). 

(iii) The field operates in an isotropic medium of dielectric constant 
equal to that of the material in bulk freed from extra-molecular com¬ 
ponents. The real meaning of this assumption is that allowance is made 
for the reaction field of the molecule as a whole other than the particular 
atom under consideration. Undoubtedly .some diminution of the field 
takes place but the value of 2 ascribed to this is rather arbitrary. 

(iv) An atom may be treated as a sphere of uniform polarizability. 
There are two implications, firstly that the electronic density has a 
spherically symmetrical distribution and, secondly, that such a sphere 
is defined by the covalent radius. For a classical model both assumptions 
are considered to be valid in the first instance. 

(v) Induction due to induced moments and to C—II moments may 
be neglected. These effects will be dealt with in a later paper but are 
small enough to be neglected for the present considerations. 

Calculations. —A summary of the calculations based on the three 
models is given in Tables I, II and III. The molecular moment may 
be expressed as the sum of three component vectors : 

ti rr a/i(CH 2 —O) + bfi( CH a —O) + C) 

in which a (column (i)) depends on the direction of the primary moments, 
b (column (ii)) on the magnitude and direction of the total induced moment 
and c (column (iii)) on the direction of the H—C moments relative to the 
molecular moment axis. Since a and b can be summed the set of equa¬ 
tions in three terms can be solved to yield values of /a(CH 2 —O) (column 
(iv)) and *a(C—H) (column (v)). Relatively small errors in the coefficients 
cause appreciable alteration of the apparent group moments, so that 
the individual values were averaged and p(C —H) substituted back to 
give estimates of ft(CH 2 —O). Figures in parenthesis refer to ethylene 
oxide and are not included in the averages for reasons considered in a 
later paragraph. 

A few modifications of the methods were required for individual 
cases. 

(a) Dimethyl Ether : In order that ^(CH 2 —O) shall be equivalent 
to that derived from the moments of other molecules one of the hydrogen 
atoms of the methyl of the inducing group is considered to make a con¬ 
tribution to the induced moment. With tetrahedral disposition of the 
three hydrogen atoms the resultant vector acts in the direction of the 
C—O linkage and is equal in magnitude to fi( H—C). 

With Model II it was assumed that the methyl group freely rotates 
about the C—O axes, the hydrogen atoms describing thereby a ring. 
The moment induced in this was calculated, assuming that the polar¬ 
izability of the three hydrogen atoms is contained in the ring-shaped 
atom, using a modified form of eqn. (1). 

With Model III the locus of the three H—C bonds is defined by the 
circle of rotation of a carbon covalent radius set at the tetrahedral angle 
to the C—O bond. The induced moment due to these bonds is a fluctu¬ 
ating quantity and it is difficult to compute the mean value of the moment 
by an exact treatment. An approximation was made, therefore, by 
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considering the three bond points to be situated at the centre of the circle 
of rotation. 

( b) Ethylene Oxide : With Models I and II the carbon atom is cut 
by the y-axis of the mosaic co-ordinates so that on rotation of the cross- 
section about the axis an apple-shaped volume is formed instead of the 
usual ring, the inner and outer parts of which generate moment com¬ 
ponents of opposite direction. A modified form of eqn. (1) was used 
to compute the net component. 

Complete Analysis.—A complete analysis of the molecular moments 
of all the molecules is possible in terms of n(C —O) and /*(H—C) but it 
was found that the coefficients of these quantities are so nearly identical 
that solution of the equations would be uncertain. For dimethyl ether 
and tetramethylene oxide, however, there seemed to be a reasonable 
difference and, accordingly, the equations have been constructed. 

Model II 

1-28 = 0*916 h{C —O) -1- 1*132 fi( H—C) 

1*71 — 1*094 n(C. —O) -}- 1*041 n(H —C) 

/*(C—O) - 213 I) ; /a(H—C) -- - o*6o D. 

Model III 

1-28 — 1*236 fi(C —O) -|- 1*132 n(H —C) 

1*71 — 1*386 fi{ C—O) -f- 1*041 /x(H—C) 
fi(C —O) - I * 5 2 D ; m(H—C) - - 0*37 D. 

These values are in reasonable agreement with those calculated from 
/x(CH 2 —O) (Tables II and III) by allowing for the /x(H—C) primary and 
induced components : 

Model II, /x(0—0) -= 1*97 D ; Model III, ^(C—O) = 1*43 D 
which suggests that neglect of the vertical component of /x(CH 2 —O) 
is not important. Taking the mean of results from the application of 
the two methods 

n(C— O) — 1*7 D, fx(H —C) - - o*4 D. 

Ethylene Oxide.—The anomalous values (Tables I-III) of (CH a —O) 
derived from the dipole moment of ethylene oxide are in part due to the 
displacement of the hydrogen atoms, in the CH 2 —O group, relative to 
the C—O bond. This will alter not only the induced moment but also 
the contribution of the (H—C) moments as a result of distension of 

A A 

H—C—H. A rough calculation putting H—C—H — 120° and the plane 

A 

of the hydrogen atoms defined by the bisector of C—C—O gives : 

Model II, fi(C— O) = i*8o I) 

Model III, fx( C—O) - 1*76 D. 

In both cases there is a convergence towards the values of p(C —O) found 
in the unstrained molecules. 

Conclusions.—It appears from the analysis that the dipole moments 
of dimethyl ether, ethylene oxide and the homologues may be accounted 

+ *+* 

for by assuming bond moments n( C—O) — 1*7 D, ^(C—H) =s= 0*4 I), 
using a model of the molecules in which the vector sum of the bond 
moments is modified by contributions from secondary moments caused 
by electrostatic induction in all of the atoms by the (C—O) group moments. 
It is clear that the validity of the procedures may be tested by the sign 
of the (C—H) moment found, for a reverse polarity would allow of no 
concordance between the individual values of fi(C —O). 

Tiie problem of the polarity of the C—H bond (and the magnitude 
of its moment) has been examined at length recently 4 and it appears to 

be almost certainly C—H in saturated aliphatic compounds. That the 
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magnitude of the moment is also close to measured values is additional 
evidence of the correctness of the results obtained. The C — F group, 
moment has been computed by a similar method and the magnitudes in 
aliphatic compounds /x(C—F) = 1*9 D assigned. The value of 1*7 D 
for /i(C—O) is of the expected order relative to that of /*(C— F). 

A later paper will describe the application of these methods to the 
moments of some other simple molecules. 

Chemistry Department , 

Guy's Hospital Medical School , 

London Bridge , S.E.i. 


THE DENSITY OF LIQUID ARSINE 


By A. L. G. Rees and K. Stewart 
Received 20 th May, 1949 

The determination of the liquid density of carefully purified arsine over 
the temperature range — 85° to -f 48° C is reported. The liquid density is 
found to be expressed by the equation : 

p t ~ 1-413 — 3-602 X io~ 8 / — 4*321 X jo- 6 / 8 . 


The published data on the density of liquid arsine comprise measure¬ 
ments at five temperatures between — 112 0 C and — 6o° C by Johnson 
and Pechukas 1 and at seven temperatures between — 6o° C and o° C 
by Durrant, Pearson and Robinson. 2 The agreement between these two 
sets of data is not good and a complete redetermination of the density 
over a wider temperature range is desirable. Furthermore, Durrant, 
Pearson and Robinson made no allowance for the mass of arsine in the 
vapour phase in their pyknometers, with the result that their density 
values diverge progressively from the true values with increase in tem¬ 
perature. This statement is confirmed by the results of work recorded 
here. Considerable care has been taken in obtaining arsine of high purity 
and in handling the gas and liquid under high-vacuum conditions. 

Experimental 

Preparation and Purification of Arsine. —The arsine used in this work was 
obtained by the reaction of 10 % hydrochloric acid on powdered zinc arsenide, 
Zn # As 2 . This method has been shown to be the most convenient in the labora¬ 
tory ; the yield is good (~ 86 % theoretical) and the subsequent purification 
of the product relatively straightforward. The gas evolved contained 91-93 % 
arsine, the remainder being mainly hydrogen and water vapour, although small 
amounts of stibine and hydrogen sulphide are likely to be present. 

Powdered zinc arsenide, prepared by direct combination of the elements in 
stoichiometric proportions in a Rose crucible of Battersea ware in a stream of 
hydrogen, was reacted with 10 % hydrochloric acid in a stream of hydrogen. 
The evolved gases were passed through lead acetate solution to remove sulphur 
compounds, through glacial phosphoric acid to remove water vapour and un- 
precipitated spray, and collected in two internally sealed traps, cooled to 
— 180 0 C in liquid air. Uncondensed hydrogen left the system through a 
concentrated sulphuric acid safety bubbler. After sweeping the system with 
hydrogen at the completion of the reaction, the system was pumped free of 
non-condensable gases and the condensables distilled in vacuo into a U-trap. 


1 J. Amer . Chem. Soc., 1937, 59 » 2065. 


8 /. Chem. Soc. t I934» 73°* 




A. L. G. REES AND K. STEWART 1029 


This product was then fractionated with pumping according to the scheme : 



f Alcohol-ether 

f Pentane cooled 

Bath 

«< cooled with — 

-►< with liquid 

-►Liquid nitrogen 


(^liquid nitrogen 

^ nitrogen 


Temperature (X) 

-125 0 

-148° 

-196° 

Arsine Vapour 

^10 


<IO“ 4 

Pressure 




(mm. Hg) 








Fractions 

Less volatile 

Arsine 

More volatile 


impurities 


impurities 


(water, stibine) 


(hydrogen sulphide) 

Part of the arsine was lost in 

the tail and head 

fractions, w'hich were 


rejected. The process may be repeated with the middle fraction, without the 
system being under continuous evacuation. The purity of the sample was 
checked by taking a scries of vapour pressure measurements with head and 
tail fractions obtained from it by simple distillation. Two separate preparations 
of zinc arsenide were used in this work and both lots of purified arsenic gave 
identical vapour pressure-temperature data. 

The Density Determinations. —Three pyknometers of the same design 
were used : each consisted of a thick-walled capillary of ^ 1 mm. bore with 
a bulb of 1-2 cm. 3 capacity blown on one end. The wall thickness of the bulb 
was comparable with that of the capillary so that the glass would have sufficient 
strength to withstand 30-40- atm. pressure. A thick scratch toward the bottom 
of the capillary served as a refeience mark. The whole pyknometer was annealed 
thoroughly and uniformly to relieve any strain in the glass. Each pyknometer 
was calibrated for volume up to the reference mark and for uniformity of bore 
over the whole range of the capillary using redistilled Merck’s thiophen-free 
benzene over freshly-cut sodium. The density and coefficient of expansion 
were derived from published data 3 and the calibration performed with the 
benzene always within the temperature range of these data, so that extrapolation 
of the density-temperature relation was unnecessary. 

Volume measurements were made with the pyknometer immersed in a large 
silvered Dewar vessel having an unsilvered vertical slot, through which the 
pyknometer could be observed by means of a cathctomcter capable of measure¬ 
ment of differences in length of 0*001 cm. Between —* 90° and — 70° the bath 
was of acetone cooled with liquid nitrogen ; between — 70° and + io°, acetone 
cooled with solid carbon dioxide and between -f io° and -f- 50°, water. The 
bath was stirred mechanically. Temperatures were measured by (i) a carbon 
dioxide vapour-pressure thermometer in the range — 90° to — 70°, (ii) an am¬ 
monia vapour-pressure thermometer in the range — 70° to — 20° and (iii) 
standard mercury thermometers, graduated in o*i°, in the range — 20° to + 50°. 

Following calibration, the pyknometers were filled with the requisite amount 
of arsine by high-vacuum distillation, care being taken to exclude mercury 
vapour completely from the system. The pyknometers were sealed off under 
vacuum and the seals carefully annealed. Volume measurements were made 
over a range of temperature. The capillaries were then carefully marked with 
a glass knife near to the tips to facilitate opening of the tubes. The pykno¬ 
meters were allowed to come to room temperature, when they were carefully 
weighed. The arsine was then frozen solid in liquid nitrogen and the tip of 
each capillary broken off sharply at the file mark. The arsine was allowed to 
evaporate, the tube evacuated, dried in an air oven and the two pieces of the 
pykonmeter weighed. The weight of arsirie w^as obtained by difference. 


Results 


Three pyknometers, two from the same length of capillary, were calibrated 
as indicated previously. All capillaries proved to be uniform in bore to within 
1 part in 2000, and the volume unit length therefore to 1 part in 1000, over 
the entire length. The relevant data for the pyknometers used are given for 
20 0 C. 


tn calculating densities from the measured volume of liquid arsine, three 
corrections must be considered (i) the elastic deformation of the glass under 
vapour pressures of the order encountered in the temperature range, (ii) the 


8 Landolt-Bdrnsiein Tabellen (Berlin, 1936). 


36 ' 
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TABLE I 


Pyknometer 

Volume to 
Reference Line 
(cm. s ) 

Volume/unit length 
of capillary 
(cm.*/cm.) 

I 

1*2962 

0*1940 

2 

0*8008 

0*02848 

3 

1*9479 

0*02848 


TABLE II. —Density of Liquid Arsine 


M° C) 

Pyknometer 

pt (°bs-) 

Pt (calc.) 

Deviation 

— 84-9 

I 

1*689 

1*688 

— 0*001 

— 80*6 

I 

1*676 

1-675 

~ 0*001 

~ 74*4 

I 

1-659 

1-657 

— 0*002 

- 70*3 

I 

1*648 

1-645 

— 0003 

- 67-5 

1 

1-639 

1-637 

— 0*002 

- 64-5 

I 

1*629 

1*628 

— 0*001 

- 63*6 

I 

1*624 

1*625 

— 0-001 

- 62-8 

2 

1*622 

1*622 

0 

— 6i*6 

2 

I* 6 l 9 

1*619 

0 

- 6o*8 

2 

1*616 

I*6i6 

0 

— 59*6 

2 

1*612 

1*613 

4* o-ooi 

- 58-3 

2 

1*609 

1*609 

0 

- 57*3 

2 

1*605 

1*605 

0 

- 55-5 

2 

i*6oi 

1 • 600 

-- 0*001 

- 547 

2 

1*596 

1*597 

4- o*ooi 

- 53*5 

2 

i* 59 i 

1*594 

-b 0 003 

~ 5°*7 

1 

1-585 

1-585 

0 

— 30*6 

2 

1-583 

1-584 

-b 0*001 

- 45 0 

2 

1-563 

1-567 

4- 0*004 

— 39*1 

2 

1*545 

1*547 

4- 0*002 

•“ 35’3 

2 

1*532 

1*535 

— 0-003 

- 35*0 

I 

1*535 

1*534 

— 0*001 

- 30*9 

1 2 

1*517 

1*520 

4- 0*003 

— 24*8 

2 

1*498 

1*500 

4- 0*002 

- 19-1 

2 

1*479 

1*480 

4- 0*001 

~ 14*1 

2 

1*460 

1*463 

4- 0*003 

— 10*0 

: 2 

1*446 

1*449 

-b 0 003 

- 4*1 

2 

1*427 

1*428 

4- o-ooi 

— 2*8 

1 

1*425 

1*423 

— 0*002 

-f 0*6 

2 

1*411 

1*411 

0 

+ 5*3 

2 

1*392 

i *394 

4- 0*002 

4 9*4 

3 

1*395 

1*390 

— 0*005 

+ 7*3 

2 

1*385 

i *387 

4- 0*002 

4 10*0 

3 

1*381 

1*377 

— 0*004 

4- 11*0 

2 

1*372 

i *373 

4 o*ooi 

4 - 15*0 

3 

1*363 

1*358 

— 0*005 

4 19*8 

3 

1*344 

1*340 

— 0*004 

4- 20*0 

1 

i *339 

i *339 

0 

4 21*5 

3 

1*337 

i *334 

— 0*003 

4 - 22*3 

3 

1*333 

1*331 

— 0*002 

+ 23-4 

3 

1*330 

1*327 

— 0*003 

+ 24 ‘° 

3 

1*328 

1*324 

— 0*004 

+ 25-0 

3 

1*324 

1*320 

— 0*004 

+ 38-0 

3 

1*267 

1*270 

4 0*003 

+ 41-4 

3 

1*256 

1*257 

4 0*001 

+ 43-0 

3 

1*249 

1*250 

4 o-ooi 

■+ 45'9 

3 

1*236 

1*239 

4 0*003 

+ 48*0 

3 

1*223 

1*230 

4 0*007 
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change in volume of the pyknometers with temperature, (iii) the mass of arsine 
in the gaseous phase. Durrant, Pearson and Robinson * neglected any cor¬ 
rection for change in volume under pressure, since, after subjection to the 
vapour pressures of the order of 10-20 atm., no change in volume of the pykno- 
meter could be detected. However, one must consider the elastic deformation 

Vp 

of the pyknometer, giving rise to a change in volume AV = cm. 8 , where 

k is the bulk modulus of elasticity of the glass, p the pressure difference in dyne 
cm.~ 8 and V the original volume. For a pyknometer of 2 cm. 8 capacity, con¬ 
structed of glass of bulk modulus 5 X io 11 dyne cm. -2 , the change in volume 
AV ~ io“ 4 cm. 8 at the highest pressures encountered (~ 26 atm.) is negligible 
and no correction need be applied. On the other hand, the change in volume 
of the pyknometer due to thermal changes amounts to 0*005 cm. 8 for a 2 cm. 8 
pyknometer at the lowest temperatures and corrections must be made through¬ 
out. The coefficient of cubical expansion 4 of the soft glass used was taken as 
2*55 X 10-®. Since the total mass of arsine in the pyknometer is not wholly 
in the liquid phase, a correction (negative) must be applied to the weight of 
arsine. This correction amounts to 

Am - 

22414 T 

where v is volume of vapour phase, 

p the vapour pressure of arsine in atmospheres, 

M the molecular weight of arsine, 
and T the absolute temperature, 

amounts to some 2 % of the total mass under some of the experimental con¬ 
ditions and cannot be neglected. Corrections were applied in the calculation 
of the densities. 

The density was measured at 48 temperatures in the range ; the results 
are tabulated in Table II and plotted in Fig. 1. 



Fig. 1.—Density-temperature relation for liquid arsine. Experimental points : 
© Johnson and Pechukas ; Q Durrant, Pearson, and Robinson ; O this work. 
Continuous curve calculated from least squares expression. 


The empirical relationship— 

Pi — 1-413 — 3-602 x io~ 8 / — 4*321 x io* 8 / 4 , 

4 Kaye and Laby, Tables of Physical and Chemical Constants , 9th ed. (1944). 
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obtained by applying the method of least squares to the experimental data, 
has been used to calculate the density at each temperature ; these are tabulated 
in Table II and the continuous curve in Fig. 1 has been drawn from this relation. 
The standard error is 



0*0027. 


Experimental points obtained by other observers shown in Fig. 1, diverge 
progressively from our data as the temperature increases, due evidently to 
the failure to correct for the mass of arsine in the vapour phase. 


This Avork constituted part of a study of arsine carried out at the 
Imperial College of Science and Technology for the Ministry of Supply 
in 1940. Permission to publish, given by the Chief Scientist, Ministry 
of Supply, is acknowledged. The authors wish to thank Prof. H. V. A. 
Briscoe for his friendly advice. 
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THE EFFECT OF AROMATIC COMPOUNDS 
ON THE VAPOUR-PHASE OXIDATION O F FUELS 

PART I. THE EFFECT ON THE VAPOUR-PHASE OXIDATION 

OF ETHERS 


By G. 11. N. Chambeki,ain and A. D. Walsh 
Received 20th May, 1949 

The effects of a wide range of aromatic additives on the vapour-phase slow 
oxidation of dusopropyl ether at 360° C are reported. It is found possible to 
correlate the efficacy of the inhibiting action with the electronic properties 
of the benzene ring in the inhibitor. Experiments are also reported on the 
effects of aromatic additives on the slow oxidation of diisopropyl ether in the 
cool flame temperature range and on the ignition of diethyl ether to both cool 
and hot flames. It appears that aromatic inhibitors react with radical chain 
carriers, the reaction not being limited to a single type of radical and being 
greatly facilitated by increasing spread of the electronic cloud of the ring. 

A number of reactions in solution are known which involve aromatic com¬ 
pounds and where changes in rate can be correlated with electronic properties. 
This paper is thought to report the first case of such an effect in a gas-phase 
reaction. 


In a series of papers 2 » 3 * 4 an extensive investigation of the vapour- 
phase oxidation of ethers has been described, including the effect of a 
wide range of additives upon the oxidation in various pressure-temperature 
regions. Such a systematic study of the effect of additives has the 

1 Chamberlain and Walsh, Colloque sur la cinetique et le micanisme des re¬ 
actions d'vnftanimation et de combustion en phase gazeuse (Paris, April, 1948). 

2 Chamberlain and Walsh, Third Symposium on Combustion and Flame and 
Explosion Phenomena (Madison, U.S.A., Sept., 1948). 

3 Chamberlain and Walsh, ibid. 

4 Chamberlain and Walsh (in course of publication). 
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twofold advantage of shedding light on the reactions involved in ether 
oxidation and on the behaviour of the additives. The latter may be 
important for engine practice since impurities are often added to the 
fuel with the object of improving engine performance. 

The first part of this paper reports experiments on the effect of 
aromatic compounds on the slow oxidation and ignition of ethers. The 
second part considers further the results obtained and applies them to 
explain the mode of action of aromatic anti-knocks in engines. Ethers 
were chosen as fuels partly because their vapour-phase oxidation can 
be studied (i) at such low pressures that the difficulty of introducing 
at room temperature an appreciable proportion of such involatile additives 
as aromatic compounds is reduced ; and (ii) at such low temperatures 
that complications due to decomposition or oxidation of such additives 
as aromatic compounds are reduced. 

Experimental and Results 

The apparatus and procedure were the same as previously described. 2 

The Slow Oxidation of Di/sopropyl Ether at 360 ° C. —The main results 
relating to the combustion of dusopropyi ether-oxygen mixtures at 360° C have 
already been reported. At this temperature, the so-called “ high " temperature 
mode of oxidation is dominant. The Ap-time curves show a slow rise to a 
maximum slope attained alter an interval of several minutes and then a gradual 
falling-off of the rate of pressure rise. We shall here be concerned solely with 
the effect upon these curves of various aromatic compounds. The curves shown 
below were repeatedly checked for reproducibility. 



Fig. 1 shows the A£-time curve for 73 mm. of a 30 % ditsopropyl ether- 
oxygen mixture and the effect upon it of an addition of 3*6 mm. (i.e. ca. 5 %) 
benzene. Addition of 5 % of inert gas would have negligible effect (see 2 ). 
The benzene has a small inhibiting action, the maximum rate of pressure rise 
being attained some 60 sec. later than without the additive and the maximum 
rate of pressure rise being reduced. Fig. 1 also shows the effect of chlorobenzene, 
benzyl alcohol, toluene, ethyl benzene and xylenes. The first two of these had 
effects practically indistinguishable from that of benzene. The addition of 
5 % toluene instead of benzene produced a much larger inhibiting effect. With 
ethyl benzene the effect was somewhat greater still, the difference increasing 
with time. Addition of 5 % mixed xylenes caused a further big increase of 
inhibiting effect. 

Variations in vapour pressure and large variations in magnitude of effect 
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made it impossible to compare satisfactorily the effect of all the aromatics at 
the same concentration. They were therefore all compared with benzene as 
standard. Fig. 2 shows the results obtained with certain additives in ca. 3 % 



Fig. 2. —Slow oxidation of dizsopropyl ether at 360° C. Effect of ca. 3 % 
additions of benzene, phenyl cyanide, cumene, mesitylene and styrene. 30 % 
ether-oxygen. Quartz vessel. 1*24 min. Bourdon = 1 mm. Hg. 

concentration. Phenyl cyanide has an even smaller inhibiting effect than the 
already small effect of benzene. Cumene has a much greater effect and mesityl¬ 
ene a much greater one still. Styrene also has a large effect, but since our speci¬ 
men contained about 20 % ethyl benzene as impurity, Fig. 2 does not afford a 
quantitative comparison with the other substances shown. However, the 
effect of styrene was evidently comparable to that of mesitylene. 



Fig. 3. —Slow oxidation of diisopropyl ether at 360° C. Effect of acetophenone, 
benzaldehyde, aniline and tetraethyl lead. 30 % ether-oxygen. Quartz 
vessel. 1*33 mm. Bourdon — 1 mm. Hg. 

Fig. 3 shows the effect of acetophenone and aniline at concentrations close 
to 1 %. At this concentration the effect of benzene is very small and that of 
acetophenone is not much greater. The effect of aniline, however, is very great. 
In Fig. 3 there is included also a curve showing the effect of the addition of a 
small concentration of lead tetra-ethyl. Not much stress should be put upon 
the exact position of this curve relative to that of aniline, since absorption in 
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tap grease makes it difficult, particularly with lead tetraethyl, to be sure just 
how much additive has entered the reaction vessel. But Fig. 3 makes it probable 
that, under these conditions, at least, the effects of lead tetraethyl and aniline 
are much more comparable than they are as engine knock inhibitors : in an 
engine lead tetraethyl is enormously more effective than a similar concentration 
of aniline in raising the knock-limited compression ratio. 6 

Fig. 3 also shows the effect of benzaldehyde. To our surprise (see below) 
this was a much greater inhibitor than benzene. The result was confirmed 
with benzaldehyde that had been specially purified by the preparation and 
decomposition of its bisulphite compound. It was noticed that some con¬ 
densation of the benzaldehyde occurred on the walls of the capacity vessel 
when the mixture was given its routine time of standing before admission to 
the reaction vessel so that it is possible that the actual amount of benzaldehyde 
entering the mixture was greater than the measured pressure indicated ; but 
even so the large inhibiting effect appears to be a real one. 



Fig. 4.—Slow oxidation of ditsopropyl ether at 360° C. Effect of small 
quantities of phenol, aniline, .V-methyl aniline and o-toluidine. 30 % ether- 
oxygen. (,)uartz vessel. 1*24 mm. Bourdon ~ = 1 mm. Hg. 

Fig. 4 shows the effect of aniline in a rather smaller concentration. It is 
dear that very little pressure rise occurs at all until, after about 12 min., the 
aniline appears to become exhausted. Similar results are shown in Fig. 4 for 
A'-methvl aniline (which, compared with an equal concentration of aniline, is 
clearly much more effective) and o-toluidine which is also much more effective 
than aniline. Af-dimethyl aniline was similarly shown to be more effective 
than aniline. The effect of addition of ca. 0*3 mm. AT-dimeth/1 aniline was to 
give a curve almost identical with that for the addition of ca. o-i mm. JV-methyl 
aniline. For purposes of comparison, Fig. 4 shows the effect of benzene in 
much larger concentration. The figure also shows the effect of phenol to be 
considerable, though much less than that of iV-methyl aniline. In all these 
curves the order of efficacy is the same whether judged from the pressure rise 
before the steep portion of the curve occurs or from the time required to attain 
the steep portion. Just as for aniline, the steep portion of the curves for phenol, 
N-methyl aniline, N-dimethyl aniline, and o-toluidine all have slopes that are 
practically identical with that of the curve for no additive present. Evidently, 
after a time these very effective inhibitors become used up and then the A p- 
time curve rises normally. Lead tetraethyl by contrast is not used up, the 

6 See Downs and Walsh (in course of publication). 
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inhibited curve never attaining the same rate as the uninhibited one. Presum¬ 
ably an induced oxidation of the aromatic substances occurs and this destroys 
their inhibiting effect. 

Fig. 5 shows that pyridine is an inhibitor similar in efficacy to benzene and 
anisole somewhat more effective. 



Fig. 5.—Slow oxidation of diisopropyl ether at 360° C. Effect of pyridine and 
anisole. 30 % ether-oxygen. Quartz vessel. 1*24 mm. Bourdon -- 1 mm. Hg. 

The “ Low” Temperature Slow Oxidation of Diisopropyl Ether. —Fig. 6 
shows the effect of xylene, in a concentration of ca. 3-5 %, on the slow oxidation 



Fig. 6 . —The effect of xylene on the slow oxidation of diisopropyl ether at 220 0 C. 
30 % ether-oxygen. Quartz vessel. 0-832 mm. Bourdon = 1 mm. Hg. 

of diisopropyl ether at 220° C. This temperature lies within the " low f> 
temperature region of diisopropyl ether oxidation (see *• *) where the slope 
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of the A£-time curves reaches its maximum practically at once and then 
continuously falls off. Xylene produced a small inhibition. A curve plotted 
to show the effect of addition of ca. 0-2 % N -dimethyl aniline lay almost on 
top of the 3*5 % xylene curve, showing the much greater inhibition by N- 
dimethyl aniline. These results suggest that, in general, the order of efficacy 
of inhibition by aromatic compounds is the same in the “ low " temperature 
zone as in the “ high Owing to the greater experimental difficulty of 
obtaining reliable “ low ” temperature curves and the smaller effect observed, 
these “ low " temperature experiments were therefore not pursued and attention 
was concentrated on the determination of the order of inhibiting efficacy from 
the experiments at 360° C reported above. 

It should be noted, however, that additions of benzaldehyde had virtually 
no effect at 220° C. Further, Fig. 7 shows the effect of ca. 0*4 % aniline on 
the slow oxidation of diisopropyl ether at 210° C. Instead of an inhibition. 



Fig. 7.—The effect of aniline on the slow oxidation of diisopropyl ether at 210 0 C. 

30 % ether-oxygen. Quartz vessel. 1*24 mm. Bourdon - 1 mm. Hg. 

an acceleration of the pressure rise took place, this acceleration being most 
marked in the early stages of the reaction and the two curves later approaching 
each other. At first sight this seems surprising, but a simple explanation is 
given below. 

Cool Flames of Diethyl Ether. —Xylene was found to raise the minimum 
pressure required for the appearance of a cool flame in a 30 % diethyl ether- 
oxygen mixture at 200° C (Fig. 8) and to lengthen the time required for that 
cool flame to appear (Fig. 9). A fairly rapid increase of these inhibiting effects 
occurred with increasing xylene concentration, but the curves of Fig. 8 and 9 
should probably be taken as qualitative only, since (i) rapid absorption in tap 
grease always occurred, and (ii) on account of the low vapour pressure of xylene, 
the “ doser ” technique (see 2 ) of introduction could not be employed, the addi¬ 
tive having to be measured directly into the capacity vessel and an additional 
uncertainty in concentration thereby introduced. 

Fig. 10 shows the effect of aniline on both the “ flash ” and “ Bourdon ” 
(for the explanation of these terms, see 8 ) cool flame limit curves of diethyl 
ether. At the lowest temperatures, the effect of the aniline is to push the 
“ Bourdon ” limit curve to higher pressures. At temperatures above the tip 
of the most prominent peninsula ot the limit curve, a shift to slightly lower 
pressures takes place. Obviously this is connected with the accelerating 
effect of aniline noticed on the slow oxidation in this temperature region. It 
is clear from Fig. 10 that aniline is exerting two effects : (i) an inhibiting action, 
presumably by virtue of its aromatic character, and (ii) a promoting effect 
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which under certain circumstances can outweigh (i). The key to an under¬ 
standing of (ii) was obtained when it was noticed that, during work with aniline, 
a greenish material appeared on the tubing leading from the reaction vessel. 
Tests showed that, on treatment with hydrochloric acid, this deposit yielded 
formaldehyde and aniline hydrochloride. Almost certainly the material was 



Tig. 10. —The effect of aniline on cool flames of diethyl ether. 30 % ether- 

oxygen. Quartz vessel. — X — X — undoped. — Q — 0 -f ~ 0*4 mm. 

aniline. 

a polymer of methylene aniline, <f> —N~CII 2 , the reaction forming it occurring 
on the cold surfaces of the tubes leading to the reaction vessel. Aniline was 
therefore removing formaldehyde produced during these experiments. Since 
we have shown *• * (i) that formaldehyde inhibits " low " temperature slow 
oxidation of diisopropyl ether, (ii) that formaldehyde raises the pressure limits 
required for diethyl ether cool flames and (in) that the production of formal¬ 
dehyde in the flash accompanying admission of the ether-oxygen mixture to 
the reaction vessel at temperatures above that of the tip of the main cool flame 
limit peninsula must push the “ Bourdon ” cool flame limit curve to higher 
pressures than would otherwise be the case, it is clear that the anomalous pro¬ 
moting effect of aniline on “ low temperature ** oxidation is due to its removal 
of formaldehyde. In agreement with (iii), aniline raised the " flash " limit 
curve to higher pressures throughout its course : there was no formaldehyde 
to remove before the flash occurred. These experiments confirm the explana¬ 
tion given earlier 8 of the " flash ” and “ Bourdon " limit curves. 

Hot Flames of Diethyl Ether. —Aniline raised slightly the minimum 
pressure required for a hot flame in a 30 % diethyl ether-oxygen mixture at 
both 200 and 400° C. (Table I). Xylene appeared ineffective. It should be 

TABLE I 


Additive 

Aniline 

o-Xylene 

Temp. °C 

Limit in absence of additive mm. ITg 
Limit in presence of additive mm. Hg 
Additive concentration % 

200 

182-8 

184*0 

o *3 

400 

168-5 

1737 

o *3 

240 

183-0 

1830 

1*0 

400 

168*5 

167*0 

1*0 


remembered, however, that with ignition requiring a total pressure approaching 
200 mm. Hg, only very small percentages of aromatic additives could be intro¬ 
duced, owing to their low vapour pressures. 
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Discussion 

The experimental work reported above falls into two main divisions" 
—first, a survey of the effect of one or two aromatic compounds on all 
the five broad regions into which vapour-phase oxidation can be divided * 
and wherein we have previously established (for ethers) the main facts; 
and second, a survey of the effect of a wide range of aromatic compounds 
on one particular pressure-temperature region. For the first survey, 
xylene and aniline were chosen and the effect of each determined on the 
slow oxidation in the “ high ” temperature zone, on the ignition to hot 
flames in the “ high ” temperature zone, on the slow oxidation in the 
“ low ” temperature region, on the ignition to cool flames and on the 
ignition to hot flames in the “ low ” temperature zone. Systematic 
work of this sort is a powerful method of attacking the problem of how a 
given additive produces its effect. In this case, apart from the easily 
explained anomalous effect of aniline under certain conditions in the 
“ low ” temperature zone, the experiments suggest that aromatic com¬ 
pounds have an inhibiting effect in all the five main pressure-temperature 
regions. This result is to be contrasted with that obtained for formal¬ 
dehyde 2 > 8 where inhibition was found in the “ low ” temperature region 
but promotion in the “ high ” ; and for lead oxide where in one of the 
five regions (namely, that of the cool flame limits) the additive had little 
effect. With aromatic compounds the inhibition does not appear to be 
specific to particular chain processes. 

The value of the second survey is that it enables the order of efficacy 
of the aromatic substances among themselves to be determined. The 
fact that such a wide range of aromatic compounds is effective, makes it 
practically certain that they all exert their effect by virtue of the benzene 
ring they contain. Benzene itself is a weak inhibitor, a fact connected 
with the knowledge 6 that in the vapour-phase oxidation of benzene the 
reaction chains are broken in the gas phase—presumably in part by the 
unchanged benzene molecules. 

Though it has not been possible to test all the additives at the same 
concentration, the order of efficacy appears to be : 


phenyl cyanide 
chlorobenzene 
benzyl alcohol 
pyridine 
benzene 

acetophenone J 
benzene < toluene < xylenes < mositylene 


< toluene < ethyl benzene < cumene* 






} /N-methyJ aniline 

methyl aniline J 


< o-toluidine 


This order suggests a correlation with the electronic properties of the 
benzene ring. It appears in general to be the order of the first ionization 
potentials expected for the n electrons of the benzene ring. Only a few 
of these (Table II) are definitely known, but most can be roughly pre¬ 
dicted relative to benzene from general considerations of molecular 
structure. The two main causes lowering the ionization potential are 
charge transfer (as, e.g., in the alkyl benzenes) and conjugation effects 
(as, e.g., in styrene ). 7 

The lower the expected first ionization potential, the greater the 
inhibiting effect. For alkyl benzenes, the order is that of electron release 
from the side chains to the benzene ring : the greater the negative charge 


• Fort and Hinshelwood, Proc. Roy. Soc. A, 1930, 129, 294. 

* Based on the inhibition observed in the first 10 min., after which the cumene 
begins to be quickly used up. 

7 Price and WaJsh, Proc. Roy. Soc. A, 1947, 191, 22; Walsh, ibid., 1947* 
19 *. 32 . 
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on the benzene ring, the lower the n~ l ionization potential 8 and the greater 
the inhibiting effect. As H of benzene is exchanged for CH 3 the methyl 
group releases electrons to the benzene ring and so toluene is a better 

TABLE II 


Substance 

First n ~ 1 Ionization 
Potential 7 (V) 

Pvridine 

~ 9*7 

Benzene 

9*24 

Toluene 

8-82 

Ethyl benzene 

-875 

Cumene 

— 8-6 

o-Xylene 

8-4 


inhibitor than benzene, o-xylene better than toluene and mcsitylene 
better than o-xylene. As CH S is exchanged for C 2 H 5 a further electron 
transfer takes place and ethyl benzene is a better inhibitor than toluene. 
Similarly, cumene is a better inhibitor still. 

There is a partial correlation with the direction of the dipole moment 
in the side chain. If this is directed so that its negative end lies towards 
the ring 9 (e.g. alkyl benzenes, phenol, aniline), there occurs an increased 
inhibiting effect relative to benzene. Side chains which remove electrons 
from the benzene ring cause the inhibiting elfect to become less than that 
of benzene, or at least to remain very small. (Experimentally, it is diffi¬ 
cult to be sure of the exact order among the molecules whose effects differ 
only slightly : the curve in the absence of additive is itself liable to small 
fluctuations in position and slope and we have already referred to the 
difficultv of absorption by tap grease. No stress can be put on small 
differences of effect.) Examples are phenyl cyanide, chlorobenzene, 
benzvl alcohol, acetophenone. A rule similar to that of Crum Brown for 
the orientating elfect of substituents can be stated to cover many of 
the cases. In mono-substituted benzenes, those side chains that cause 
0—p orientation of a subsequent entering group have a greater inhibiting 
effect than benzene ; those side chains that cause m substitution do not 
have a greater inhibiting effect than benzene itself. Chlorobenzene would, 
of course, be an exception to such a rule, just as it is a well known exception 
to the correlation of sign of dipole moment and orientating effect. It is 
interesting that the action of chlorobenzene correlates with its known 
dipole moment (which moment has its positive end on the benzene ring) 

and not with the properties of an hypothetical H Cl = < \^/ > “ molecule. 

The results described suggest the following order of efficacy : 
aniline < A-dimethyl aniline < A'-methyl aniline. 

It is noteworthy that this is also the order of the dipole moments measured 
in benzene solution, the values being: aniline 1*52 1 ) at 20° C ; A- 
dimethyl aniline 1-58 D at 25 0 C ; A-methyl aniline 1*64 D at 25 0 C. 

There is also a partial correlation between the order of the inhibiting 
effect and the order of the wavelength shifts in the absorption correspond¬ 
ing to the 2600 A system of benzene. Table III lists values of A max . for 
some of the inhibitors tested. The position of the absorption maximum, 
however, depends not only upon the ground state but also upon the 
excited state ; so that, while in general, shifts in A max . reflect shifts in the 
ionization potential, there are exceptions. Ethyl benzene and cumene 

8 See Price, Chem. Rev., 1947, 41, 257, for the first ionization potentials of 
the alkyl benzenes. 

9 See Sidgwick, The Covalent Link in Chemistry (Cornell, 1933). 
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are known examples; 10 chlorobenzene and phenyl cyanide may be others. 

According to the correlation between inhibiting effect and ionization 
potential, benzaldehyde would be expected to have an effect less than'* 


TABLE III 


Substance 

In n-hexane Solution 

In ft-heptane Solution 

4 - c 6 h 5 

(A) 

(A) 

Pyridine 

_ 

2510 

</>-H . 

2560 

— 

^-Me . 

2620 

2620 

o-Xylene 

— 

2630 

^-Cl . 

2650 

— 

f-OH . 

2750 

— 

0 -NH 2 . 

Styrene 

2800 

2820 


that of benzene. The reason for its considerable effect at 360° C remains 
unexplained. Presumably it is due to some reaction involving the CHO 
group rather than the aromatic nucleus. It was thought possible that 
some reaction might take place between acetaldehyde and benzaldehyde. 
Acetaldehyde, a product of the reaction at 360° C, is known to have a 
strong promoting effect on the pressure rise, so that its removal would 
represent an inhibition of the oxidation. However, no reaction of benzal¬ 
dehyde and acetaldehyde within 6 min. was observed on admitting mixtures 
of benzaldehyde and acetaldehyde to the reaction vessel at 360° C. 

This correlation of inhibitor efficacy with the electronic properties of 
the benzene ring confirms the deduction that the aromatic compounds 
exert their effect by virtue of the benzene ring they contain. The vari¬ 
ation of effect is due in the main * to the indirect action of the side 
chains in enhancing or diminishing the fundamental property of the 
benzene ring. 

A further fact to emerge from the work at 360° C is that the aromatic 
additives, while exerting their inhibiting effect, are subject to an induced 
oxidation. The latter presumably occurs by attack of radicals produced 
in the ether oxidation. It is probable that the inhibiting effect can be 
ascribed to the same reaction of radicals with the benzene ring. The fact 
that the inhibiting effect is found in all the five main pressure-temperature 
regions of oxidation suggests that the benzene ring can react with more 
than one type of radical. The facts that benzene 12 and iV-methyl aniline 6 
inhibit the oxidation of carbon disulphide, that benzene inhibits the 
hydrogen-oxygen reaction 12 and that benzene and toluene (toluene 
being more effective than benzene) inhibit the polymerization of iso- 
prene, 13 further suggest that the benzene ring can react with a wide 
variety of free radicals. 

If the inhibiting effect involves free radicals attacking the benzene 
ring, it is to be expected that the ease of their reaction with a benzene 
ring will be greater the greater the spread of the electronic cloud of the 
ring, i.e. the lower the first 7r~ J ionization potential. Since in the well- 
known kinetic theory expression 

, -EfRT 

rate = pZe 

10 See Walsh, Ann. Reports, 1947, 44, 32. 

* There may, of course, be superimposed a direct effect of certain side chains. 
The aromatic amines may provide examples, since methyl amine has been 
reported 11 to inhibit cool flame propagation and aliphatic amines may have 
an engine anti-knock effect. 

11 Neiman, Rubina and Schnol, /. Physic. Chem. Soc. Russ., 1948, 23 , 641. 

12 Mardles, Aer. Res. Comm. Rep., 1930, No. 1374. 

18 Bolland, Proc. Roy. Soc. A, 1941, 178, 24. 
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the frequency factor p is hardly likely to change greatly from one simple 
benzene derivative to another, changes in inhibiting efficiency might be 
expected to be due to changes in activation energy of the reaction be¬ 
tween radical chain carriers and the benzene ring. A low activation 
energy for a reaction between a free radical and the benzene ring would 
be expected when, owing to the diffuse nature of the electronic cloud of 
the ring, that reaction takes place at a comparatively large distance from 
the nuclei of the ring : repulsion between the nuclei is then very much 
less. 

The following paper provides a little further information on the nature 
of the reaction taking place during the inhibition. 

The authors desire to thank the Shell Petroleum Company who made 
it possible for one of the authors (G. H. N. C.) to take part in this work 
at Cambridge and who defrayed the costs of the research. 
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THE EFFECT OF AROMATIC COMPOUNDS 
ON THE VAPOUR-PHASE OXIDATION OF FUELS 

PART II.—THE ANTI-KNOCK EFFECT OF AROMATIC 
COMPOUNDS IN ENGINES 


By A. D. Walsii 
Received 20 th May, 1949 

A survey is made of the anti-knoclc effect of aromatic compounds in internal 
combustion engines. This, combined with the results described in the pre¬ 
ceding paper, enables conclusions to be drawn as to the mode of action of 
aromatic anti-knocks. There exists a correlation between the anti-knock 
effect of aromatic compounds and the influence of the side chains upon the 
electronic properties of the benzene rings. The anti-knock effect increases 
with decreasing binding of the ring electrons. The effect is exerted by the 
unchanged molecules and anomalies are explicable as due to pyrolysis or oxida¬ 
tion of the anti-knocks. A considerable mass of previously incoherent data 
can be reduced to comparative order using these ideas. The observed 
anti-knock effect of liexamethyl benzene suggests that the reaction between 
radical chain carriers and the benzene ring, which is responsible for inhibition 
by aromatic compounds, is best regarded as the temporary formation of a com¬ 
plex between the radical and the electronic cloud of the ring. 


Tins paper is concerned with the effect of aromatic compounds on the 
behaviour of fuels in internal combustion engines, in particular on knock. 
Knock may be defined as an explosion of the fuel-air mixture in the last 
part of the cylinder charge to bum, and propagated with a speed com¬ 
parable with that of a true detonation wave. Anti-knocks and pro-knocks 
are substances which respectively decrease and increase the tendency to 
the knock explosion. Increase of engine compression ratio usually in¬ 
creases the tendency to knock. Measurement of the compression ratio 
at which knock is just noticeable (the “ highest useful compression ratio ” 
or H.U.C.R.) in the presence and absence of an additive in the fuel permits 
comparison of the anti-knock effects of different additives. 
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The anti-knock effect of aromatics has been known since the pioneer 
work of Midgley and Boyd in the early nineteen twenties ; but m spite 
of the great economic importance of aromatic compounds as additives 
and fuels in internal combustion engines, hitherto there has been no 
satisfactory theory of their action. There can be little doubt that the 
knock action of aromatic compounds is to be considered as a whole and 
that therefore the seat of the action is the benzene nucleus. Anilines 
and phenols exert their anti-knock effect essentially as benzene exerts 
its slight anti-knock effect : the side groups, in the main, merely increase 
or decrease the property of the benzene ring. Taken in conjunction with 
the preceding papei, it is the purpose of the following discussion to show 
that the anti-knock effect of benzene derivatives can be correlated with 
the electronic properties of the side chains, as long as allowance is made 
for the complicating effects of pyrolysis and oxidation of the compounds. 

Collection of Data. —Callendar 3 measured the % change in highest 
useful compression ratio for a 5 % (liquid) volume addition of various 
additives to a fuel. It would be best to compare the action of additives 
at the same mole fraction concentration. However, since the simple 
benzene derivatives do not differ greatly in density and molecular weight, 
a 5 % volume addition can be taken roughly as a constant mole fraction. 
Bovd 2 studied the substituted anilines and measured the molecular 
effectiveness relative to aniline, based on concentrations up to 3 % by 


TABLE I 


Substance 

% Increment in 
H.IJ.C.R. for 5 % 
VoJ. Addition— 
Callendar 

Relative Mole 
Effectiveness 
up to 3 % Vol. 
Addition—Boyd 

Aniline 
Equiv./ioo— 
Spiers 

Benzene ..... 

1*0 

0*685 

O-IO 

Toluene ..... 

2-0 

0*112 

0-15 

Xylene (unspecified isomer) 

o*6 

0-I42 


0- .... 

— 

— 

0-17 

w- . 

— 

— 

0-23 

P- . 

— 

— 

0-26 

Ethyl benzene .... 

— 

— 

0-19 

tf-Propyl benzene 

— 

— 

0-24 

w-Butyl benzene 

— 

— 

0*20 

Mesitylene .... 

— 

— 

0-31 

Phenol ..... 

4*4 

— 


Cresol (unspecified isomer). 

5-8 

— 

— 

Anisole ..... 

I I 

— 

— 

Phenetole .... 

i *3 

— 

— 

Benzyl alcohol 

o -4 

— 

— 

Benzaldehyde .... 

0 

— 

— 

Bromo benzene 

- i *7 

— 

— 

Aniline ..... 

217 

1-00 

1-00 

JV-methyl aniline 

22-2 

1*4 

— 

A-ethyl aniline 

10-4 

1-02 

— 

A-n-propyl aniline . 

— 

075 

— 

A r -w-butyl aniline 

— 

0-52 

—. 

A-isoamyl aniline 

— 

0-25 

— 

A-dimethyl aniline . 

— 

0-21 

— 

Toluidine (unspecified isomer) 
av. of 0-, m-, p- 

18-3 

1-22 

_ _ 

m-X ylidine .... 

22*3 

1*4 

— 

Cumidine .... 

— 

i* 5 i 

— 

Pyridine ..... 

1*2 


— 

Phenyl hydrazine 

~ 5*9 


“ 


1 Callendar, Aer. Res, Comm. Rep., 1925, No. 1018. 
8 Boyd, Ind . Eng. Chem. t 1924, 16, « 93 - 
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volume of the fuel (kerosene). The handbook compiled by Spiers a lists 
the “ aniline equivalents ” of a number of aromatics, this quantity being 
defined as the reciprocal of the number of moles of substance required 
to give the same anti-knock effect as one mole of aniline, i.e. the greater 
the aniline equivalent, the better the anti-knock properties. The aniline 
equivalent of Spiers is approximately ioo x the relative mole effectiveness 
of Boyd. Table I summarizes the data given by Callendar, Boyd and 
Spiers. 

Discussion of Data. —Some disagreement between the various sets 
of results is evident, but in view of the different factors of engine con¬ 
centration, mixture strength, expression of results, etc., this is to be ex¬ 
pected and is not serious. 

Inspection of Table I makes it evident that, to a large extent, the 
order of the anti-knock effect of aromatic compounds is that of their 
inhibition of the slow oxidation of dusopropyl ether at 360° C recorded 
in the previous paper. Thus the list of Spiers shows the anti-knock 
effect to have the order : 

benzene < toluene < ethyl benzene 
and benzene < toluene < xylenes < mesitylene ; 

while the lists of Callendar and Boyd show : 

benzene < -phenol < aniline < N-methyl aniline 
benzyl alcohol < benzene 

and pyridine slightly more effective than benzene. 

Again there appears a correlation between inhibiting effect and 
electronic properties of the benzene ring. Exceptions are dealt with 
below. The less the binding of the rr electrons of the benzene ring, the 
greater tends to be the anti-knock effect. In the alkyl benzenes transfer 
of negative charge from the side chains to the ring reduces the tt” 1 ioniza¬ 
tion potential and tends to increase the anti-knock action. In phenol the 
operation of the so-called mesomeric effect reduces the binding of the most 
weakly bound n electrons still further and phenol is a considerably more 
powerful anti-knock. Similarly, hydroquinone is expected to be, and is, 
capable of exerting an anti-knock action. 4 Addition of an alkyl group, 
as in the cresols, adds to the negative charge density in the benzene ring 
and improves the anti-knock effect. In aniline the expected large meso¬ 
meric effect correlates with the particularly large anti-knock effect. 
Addition of the charge transfer effect of alkyl groups is capable of en¬ 
hancing further the anti-knock value. Thus the toluidines on Boyd's 
scale are better than aniline ; iV-metliyl aniline and w-xylidine are better 
still and cumidine best of all. 

If the benzene ring bears a positive charge relative to benzene, then 
the aromatic is less effective as an anti-knock than benzene : that is, its 
effect is either practically zero or even pro-knock. This can be seen from 
the effects of benzyl alcohol, benzaldehyde and bromobenzene (Table I) ; 
and from the facts that, relative to benzene, fluorobenzene, chlorobenzene, 
phenyl cyanide, acetophenone, nitrobenzene and nitrosobenzene all have 
zero or slight pro-knock effects. 6 The action of benzaldehyde (con¬ 
firmed by later work ®) is especially noteworthy in view of the anomalous 
result obtained in the oxidation of diisopropyl ether at 360° C. With 
the exception of the halogen compounds, for the monosubstituted benzenes 
one can say (as for inhibition of the diisopropyl ether oxidation) that sub¬ 
stances which are o-p directing are good anti-knocks ; while substances 
which are m directing are pro-knocks relative to benzene. Even pyridine, 
which is weakly o-p directing and (according to Callendar) a slightly 

* Spiers, Technical Data on Fuel, British Nat. Comm. Wld. Power Conference 
(London, 1935). 

4 Mardles, Aer. Res. Comm. Rep., 1930, No. 1374. 

Downs and Walsh (in course of publication). 
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better anti-knock then benzene, fits this rule. Alternatively, we may 
say that, without exception, simple side chains which activate the benzene, 
ring (in the sense of facilitating nitration, etc.) are anti-knocks relative 
to benzene ; while those that deactivate the ring are pro-knocks relative 
to benzene. 

One proviso has to be made. To say that the anti-knock effect of 
aromatics is determined by the binding of the rr electrons of the benzene 
ring implies that the effect is one of the unchanged molecules. This is 
quite plausible, since simple aromatics have in general considerable 
stability both to pyrolysis and to oxidation. Whereas aliphatic compounds 
that influence knock (alkyl nitrites and nitrates, peroxides, metallic alkyls, 
etc.) all decompose at temperatures under 250° C and therefore at an early 
stage in the compression stroke, the simple aromatic compounds do not 
decompose at atmospheric pressure until temperatures of about 500° C 
or more. Whereas it is necessary for such an anti-knock as lead tetraethyl 
to decompose and/or oxidize in order to exert its effect, 6 the simple aro¬ 
matics exert their anti-knock effect as undecomposed molecules.* If 
decomposition or oxidation does occur, then a reduced anti-knock or even 
a pro-knock effect will result, for side-chain fragments may be split off 
that have profound effects of their own on the knock reactions and the 
correlation with the properties of the undisturbed benzene ring can no 
longer hold. 

Certain anomalies to the correlation between anti-lcnock effect and 
ring electronic properties can now readily be understood. The qualify¬ 
ing adjective “ simple " applied to the aromatic compounds in the 
above statements on anti-knock effect is to be stressed. As the length 
or complexity of the side chains is increased, in general its tendency to 
split or to oxidize will increase. One expects deviations from the cor¬ 
relation of knock effect and ring properties as the side chain length is 
increased. This is exactly what is found. According to the list of Spiers, 
benzene, toluene, ethyl benzene, w-propyl benzene, form a regular series 
in their increasing anti-knock effect, but w-butyl benzene, instead of being 
as good as or a little better than w-propyl benzene, is a little inferior.f 
Similarly, in the lists of Boyd and Callendar, iV-mcthyl aniline is better 
than aniline, but iV-ethyl is worse than A-methyl and JV-w-propyl, N-n- 
butyl, N-iso- amyl, jV-dimethyl, progressively worse still. So, too, phenyl 
hydrazine, instead of being an anti-knock like aniline, is actually a pro¬ 
knock. If it were not for this disturbance with increasing side-chain 
size, the basic strengths of the anilines could have been taken as a re¬ 
flection of the negative charge on the benzene ring (an equal positive 
charge being present on the nitrogen atom) and a graph plotted of anti¬ 
knock effect against base strength. Such a graph for aniline, the toluidines, 
iV-methyl aniline and cumidine is indeed smooth. 

One sees now the value of studying the inhibiting effect of aromatic 
compounds on such an oxidation reaction as that of difsopropyl ether 
at 360° C, for the ether oxidizes so readily that the temperature at which 
this comparative study can conveniently be carried out is much lower 
than the end gas temperatures reached in engines (perhaps 500-600° C 
at “ top dead centre ”). 

6 See Chamberlain and Walsh (in course of publication). 

* In the case of aniline, Sokolik and Jantovsky 7 supposed the exact opposite 
of this, viz., that aniline exerts its anti-knock effect by virtue of the free radicals 
to which its decomposition gives rise. 

7 Sokolik and Jantovsky, Acta Physicochim., 1944, * 9 * 3 2 9- 

t Relative to w-butyl benzene, one would expect tert .-butyl benzene to be a 
much better anti-knock fuel since (i) the tert.-butyl group has a larger effect in 
reducing the ionization potential of the ring, (ii) containing only i° CH 
bonds in the side chain, it will have a lower tendency to oxidize. This ex¬ 
pectation is borne out 8 by the observed critical compression ratios. 

8 Boord, 9 th Ann. Report , Amer. Petroleum Inst., 1948. 
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Consequently any anomalies to the correlation of inhibiting efficacy 
with electronic properties of the benzene ring should be less marked. 
This is just what is found and the fact can be used as further support 
for the present theories. Thus, by the simple correlation N-dimethyl aniline 
should be a better inhibitor than aniline. In fact, iV-dimethyl aniline, 
according to Boyd, is a much less effective engine anti-knock than aniline ; 
but as an inhibitor of ditsopropyl ether slow oxidation at 360° C is con¬ 
siderably more effective than aniline. 

Since anomalies to the correlation of electronic properties and anti¬ 
knock effect are attributed to thermal decomposition or oxidative 
destruction of the aromatic compounds, the corollary may be formulated 
that the action of an aromatic compound (especially those with the bigger 
or more numerous side chains) will be at its best under the coolest possible 
engine running conditions. This agrees with general experience of engine 
behaviour. It should be possible to correlate the different effectiveness 
of aromatic substances in different engines, or in different fuels, with the 
operating temperatures and speeds. Some of the minor discrepancies 
in Table I between the different columns are no doubt to be explained 
in this way. 

Further Work.— The ideas of this paper were first evolved in the 
middle years of the war. In subsequent years, during and after the war, 
in collaboration with Messrs. Ricardo and the Shell Petroleum Company, 
a great deal of engine work has been carried out to test them. The results 
of this work will be published in detail elsewhere. 6 In general the data 
obtained confirm, or can be understood in terms of, the above ideas. 

A result of especial importance, however, may be referred to here. 
This is that hexamethyl benzene has a considerable anti-knock effect. 
It shows the effect that would be expected in view of the simple cor¬ 
relation between anti-knock action and ir~ l ionization potential. In 
the previous paper it was concluded that aromatic inhibitors react with 
radical chain carriers. There is no apparent anomaly in the effect of 
hexamethyl benzene, in spite of the absence of hydrogen atoms directly 
attached to the ring ; this shows that reaction of free radicals with ring 
hydrogen atoms is not a necessary part of the anti-knock action. It 
seems best to conceive of the inhibiting action as the formation of a tem¬ 
porary complex between a radical chain carrier and the electronic cloud 
of the benzene ring. Such a complex may decompose again to the original 
aromatic molecule and radical chain carrier or break down to yield new 
products ; * but in either case, if it has an appreciable lifetime, its forma¬ 
tion results in a reduction of concentration of radical chain carriers with 
a consquent inhibiting effect. The ease of formation of the complex 
will increase with increasing spread of the electronic cloud of the benzene 
ring (and so with decreasing strength of binding of the ring electrons) 
as explained in the previous paper. The correlation of anti-knock and 
electronic properties therefore appears a natural one. 

The action of hexamethyl benzene, with its bulky methyl groups, 
also suggests that the free radicals reacting with the benzene ring approach 
from above or below the plane of the ring. It is probable that the in¬ 
hibiting effect of an olefin on free radical reactions takes place in a very 
similar way to that of benzene : each molecule contains comparatively 
weakly bound n electrons. Now one can think of molecules such as 
ethylene oxide and cyclopropane as built from ethylene molecules and 
oxygen atoms or CII a radicals respectively. According to this point of 

* It is known, for example, that in the inhibition by aromatic compounds 
of liquid-phase polymerizations, chain transfer may occur, 9 i.e. the aromatic 
molecule may terminate a chain (becoming itself incorporated in the polymer) 
with simultaneous initiation of a new chain centre. Similarly, the phenols 
yielded by the vapour-phase oxidation of benzene may be formed in part by 
hydroxyl radicals exchanging for hydrogen atoms of the benzene ring. 

9 See, e.g. Cuthbertson, Gee and Rideal, Proc. Roy. Soc. A, 1939, 179, 309. 
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view, which has many advantages, 10 the observed symmetry of these 
molecules forces one to conceive of their formation taking place by the 
approach of the oxygen atom or CH a radical from a direction vertically 
above or below the centre of the nuclear plane of the ethylene molecule. 
It is therefore not surprising that when the benzene ring forms a complex 
with a free radical, the latter approaches from above or below the ring 
plane. Conversely, the deduction from the observed anti-knock effect 
of hexamethyl benzene could be used as evidence of the value of thinking 
of such a molecule as ethylene oxide as built from an oxygen atom and 
an ethylene molecule. The existence of the tendency for complexes to 
form between free radicals and the n electrons of olefinic or benzene 
ring groups must be of great importance for the oxidation of such fuels 
as benzene and ethylene. The oxidation chains of ethylene, like those 
of benzene, will be short.* With both fuels, initiation of oxidation chains 
is likely to occur, at least in part, by the formation in the first place of a 
complex between the n electrons and the oxygen molecule (which has a 
diradical structure). It is not surprising that an important product of 
the vapour-phase oxidation of ethylene is ethylene oxide. 11 

General Conclusions. —The main conclusions are (i) that the anti¬ 
knock effect of aromatic compounds is an effect of undissociated mole¬ 
cules, (ii) that their anti-knock effect increases with decreasing strength 
of binding of the electrons in the benzene ring, (iii) that deviations from 
(ii) are due to decomposition or oxidative destruction under the conditions 
used and therefore the more likely to occur the higher the temperature. 

These three conclusions provide a working knowledge of the anti¬ 
knock action of aromatic compounds. Broadly, it can be predicted 
whether a hitherto untried aromatic substance will be effective. In the 
first place one considers its likelihood of stability with temperature rise 
in an oxidizing atmosphere. No aromatic molecule with a very large 
side chain is likely to be effective because collisions will readily detach 
that side chain. Nor must the bonds attaching the side chain to the 
ring be weak. Given stability, the side chain, in order to confer the best 
anti-knock properties, must be such as to cause the greatest spread of the 
electronic cloud of the ring. If the aromatic additive is being used near 
the temperature limit of its thermal stability, then it will be more effective 
if the mixture strength, fuel, engine and general running conditions be 
such as to give the coolest possible operation. The primary factor deter¬ 
mining response in paraffins is not so much the fuel as the operating tem¬ 
perature. Response in a naphthenic fuel may be less than in paraffins 
because of hotter running. 

Benzene derivatives, if only they were more effective, would be in 
many ways the ideal anti-knock additives, since they burn away com¬ 
pletely, leaving no deleterious deposits as do the metallic alkyls. It is 
unfortunate that the conclusions above do not leave much hope that any 
more effective aromatic compound remains to be discovered. 

The Chemistry Department, 

The University, 

Leeds. 

10 Walsh, Nature , 1947, * 59 > an( I 7 12 •' *947* l ^°* 9 02 ; Linnett, ibid., 
1947, ,6o > 162 ; Skinner, ibid., 1947, 160, 902 ; for some disadvantages of tbe 
viewpoint, see Robinson, ibid., 1947, * 59 » 4 °° > x 947 » l6o» *62. 

11 See Lewis and von Elbe, Combustion, Flames and Explosions of Gases 
(Cambridge, 1938). 

* Note added in proof. The oxidation chains of ethylene will not be so short 
as those of benzene because the 7r“ x ionization potential is considerably higher 
for ethylene (10*50 V) than for benzene (9*24 V). The propylene ionization 
potential is much lower (9*7 V) than that of ethylene and correspondingly there 
is evidence that vapour phase chain ending is more important in propylene 
oxidation. 
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The polymerization of liquid butyl acrylate has been investigated with a 
view to the determination of the rate coefficients for polymer growth and 
termination of growth. The reaction falls into the generally accepted type 
for radical polymerization. The rate of initiation of polymerization has been 
determined by the molecular weight method (in absence of transfer) and by the 
use of tetraphenyl hydrazine as an inhibitor. The results are in good agree¬ 
ment. The photo-reaction is accelerated and not retarded by the conventional 
inhibitors such as quinones and amino compounds. If k 9 and k t are the growth 
and termination coefficients then at 25 0 C, k 9 — 13 1 . mole -1 sec. -1 and 
k t i*8 X 10 4 1 . mole -1 sec. -1 . The frequency factors are 4-4 X io 4 and 
x-8 x 10 4 respectively. The energy of activation for propagation is 2 kcal./mole 
and that for termination, zero. 


Tills paper is one of a series dealing primarily with the determination 
of the absolute velocity coefficients in vinyl polymerizations. The mechan¬ 
ism of this kind of polymerization is now without doubt a free-radical 
process and the general kinetic features are sufficiently well established. 
The problem of measuring rates of initiation and life-times of radicals 
is still a matter for experimentation and there is much to be done in 
trying to measure such quantities as accurately as possible. The 
polymerization of butyl acrylate is the first of the acrylate series to be 
studied. 

Apart altogether from the problem of developing the techniques 
for the determination of coefficients the values are important in the 
general study of radical-double interactions and of radical-radical inter¬ 
actions. The establishment of a quantitative chemistry of these processes 
is of interest both theoretically and practically. Since the principle, 
and to some extent the practice, of measuring coefficients is a subject 
of study it is of further importance to be able to tackle the problem of 
polymerization kinetics. Here all the individual coefficients need to be 
known for each monomer before any attempt is made to put copolymer¬ 
ization reactions on an absolute basis. Butyl acrylate copolymerizes 
easily with a large number of vinyl derivatives and hence the study of 
its polymerization opens up a considerable field in copolymerization 
kinetics. 


Experimental 

Butyl acrylate containing o*i % inhibitor was obtained from The Resinous 
Products and Chemical Company (Philadelphia, Pa.). It was shaken several 
times with 10 % sodium hydroxide solution and with distilled water, dried over 
sodium sulphate and distilled in vacuo (b.p., 59*3° C, 24 mm.). Monomer 
received from Imperial Chemical Industries Ltd. was treated in the same way 
and gave the same experimental results. 

Benzoyl peroxide which was used as a catalyst was purified by dissolving 

1049 



POLYMERIZATION OF BUTYL ACRYLATE 


1050 

in a small amount of chloroform and precipitating with an excess of methanol; 
It was kept in a vacuum desiccator over calcium chloride. 

The inhibitors used were purified in the following manner. Benzoquinone 
was steam-distilled and sublimed. Hydroquinone was recrystallized from a 
mixture of benzene and ethanol. Phenyl /?-naphthylamine and 0 - and p - 
phenylene diamine were sublimed in vacuo. Tetraphenyl hydrazine was re- 
crystallized from acetone. 

In order to avoid the presence of oxygen all polymerizations were carried 
out in vacuo and the monomer was carefully freed from air before use. The 
apparatus was evacuated by means of a mercury diffusion pump backed by a 
rotary oil pump. A reservoir of the monomer and reaction tubes made of 
Pvrex glass were attached to the main vacuum line by means of ground glass 
joints. Catalysts or inhibitors were introduced by pouring a known volume 
of a standard solution in a suitable solvent into the reaction tube and removing 
the solvent in the vacuum of a water pump. Butyl acrylate was distilled into 
the tubes under high vacuum and the tubes were sealed off. The rate of 
polymerization was followed dilatometrically. 

The light source used for the photopolymerizations w*as a high-pressure 
mercury arc from which the outer glass envelope had been removed. It was 
fed by a constant voltage transformer. The beam was directed on the dilato- 
meter placed in a copper thermostat fitted with silica window's. The distance 
between lamp and reaction tube w*as the same in all experiments. 

When short periods of light and dark were required, intermittent illumina¬ 
tion was obtained by the use of a disc, cut with sectors, which was rotated 
at a constant speed in the path of the light. For periods of the order of minutes 
a shield was used which was placed in position and removed manually. 


Results and Discussion 

The Polymerization of Butyl Acrylate by Benzoyl Peroxide. —The 

overall rate of the reaction was determined by measuring the volume 
contraction. The density of the polymer being 1*0315 g. cm. 3 and that 
of the monomer 0*8934 at 25 0 and 0*8841 at 35", the volume contiaction 
for too % polymerization is 13*39 % at 25° and 14*29 % at 35 0 . Checks 
were made by weighing the quantity of polymer formed. 

The thermal rate at 35 0 was found to be negligible compared with the 
catalyzed one. In general the overall rate of reaction proved to be linear 
with time up to about 8 % polymerization. Thereafter the rate increases 
owing to the “ gel ” effect. The rates of polymerization using peroxide 



Fig. 1.—The polymerization of butyl acrylate by benzoyl peroxide, at 25 0 
and 35 0 C; O pure butyl acrylate ; □ butyl acrylate purified by distillation 

only. 
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concentrations from 1-5 X io~* 4 to 15 x io~ a mole/ 1 , were determined 
at 25 0 and 35 0 . Fig. 1 represents the results, showing clearly that the 
rate of polymerization is strictly proportional to the square root of the 
concentration of peroxide, indicating that the termination reaction 
involves the mutual destruction of two of the growing polymer molecules. 

Fig. 1 gives a value of 15*6 keal. mole for the apparent energy 
of activation of the polymerization. 

Butyl acrylate which had been distilled but not purified by shaking 
with a solution of sodium hydroxide, shows a different behaviour. In 
this case it was found that the relation between rate and peroxide con¬ 
centration at 25 0 as well as at 35 0 may be represented by 

* - * • C “pu. 

where R is the rate, k a proportionality constant and Cbpo the concen¬ 
tration of benzoyl peroxide. Fig. 1 shows these results. The formula 
holds accurately for peroxide concentrations varying from 4 x io~ 4 to 
3 X io~ 2 mole/ 1 . Obviously the inhibitor present in butyl acrylate cannot 
he completely removed by distillation only. 

From the fact that the exponent in the above expression is 0*82 it 
must be presumed that termination of the chains occurs by the reaction 
of butyl acrylate radicals with the inhibitor in such a way that the re¬ 
sulting radical is so unreactive that it cannot take any further part in the 
polymerization reaction. 'It is worth noting that the exponent is ap¬ 
parently constant over quite a large range of peroxide concentration. 
It might have been expected that the exponent would have tended to 
decrease at the higher concentrations. 

The Molecular Weight of the Polymer. - If mutual termination occurs 
the overall rate of polymerization is given by 



Fig. 2.— Osmometric determination oi molecular weight (M — 1,120,000; 

DP - 8750). 
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where (M) is the concentration of the monomer, I the rate of initiation 
and k 9 and k t the velocity coefficients for propagation and termination 
respectively. In order to be able to calculate the ratio k 9 lk t i it is, there* 
fore, necessary to know the rate of initiation of chains. It should be 
possible to obtain a value for this quantity by determining the mole¬ 
cular weight of the polymer. The dependence of the molecular weights 
on the concentration of peroxide will give an indication about the 
magnitude of transfer. 

Osmometric measurements were carried out on five samples of poly¬ 
butyl acrylate dissolved in benzene. The osmometer used was of the 
Fuoss and Mead type 1 employing bacterial cellulose 2 as a membrane. 
The experimental results for one sample are shown in Fig. 2. 

The molecular weights proved to be extremely high and the results, 
therefore, are liable to have a larger error than usual, especially those 
of the samples prepared with small concentrations of benzoyl peroxide. 

If chain transfer occurs the kinetic chain length v h is not the same 
as the average degree of polymerization DP. These quantities are given by 


and 


„ _ *,( P)(M) 

W ' 

— *,(P)(M) 

DP ~ *,(P)» + A,(P)(M) ’ 


(*) 

( 3 ) 


where (P) is the concentration of the active polymer molecules and k f 
the velocity coefficient for chain transfer. It follows that 


_L = L + h. 
DP v k k p 


( 4 ) 


The ratio k,lk v is the transfer constant. Using the value of (P) derived 
from the stationary state equation, 


(3) may be written as 


d(P) _ j 
d t 


- k t (P)* - o, 


1 _ It k t 
7 Yj> k v ' (M) + k 9 


( 5 ) 



1 Fuoss and Mead, J . Physic. Chem., 1943. 47 > 59 * 

2 Cruickshank, Masson, Melville and Menzies, Nature , 1946, 157, 74. 
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The value of the transfer constant may therefore be obtained as the inter¬ 
cept on the 1 I DP- axis in a plot of 1 /DP against the square root of the 
concentration of peroxide (Fig. 3). 

Due to the large errors in the molecular weights the values of the 
transfer constant are not very accurate. Their main importance is to 
show the small order of magnitude of transfer. Table I summarizes 
the results obtained from these experiments ; v k has been calculated 
using (4), I using — d(M) jdt — Iv k and h v jk\ by means of (1). 


TABLE I 


^bpo 
mole/1, 
x io 4 

T 

°C 

DP 


V*. 

X 10 s 

d(M) 

dt 

mole/1, see. 

X 10 4 

/ 

mole/1, sec. 

XIO* 

*»/*? 

mole“^l,t sec.-! 

119 

2 5 

s 75 ° 

9400 

075 

1*47 

1*56 

0*17 

11*0 

— 

24200 

29600 

— 

0*441 

0*149 

0*16 

3-85 

— ! 

39000 

55000 

— 

0*261 

0*048 

0*17 

96*2 

35 

7200 

« 55 ° 

2*2 

yob 

3*57 

0*23 

10*7 

1 


1 64OO 

25600 

’ 

1*015 

0-396 

0*23 


The next stage is to obtain separate values for k v and k t and for this 
purpose it is necessary to study the photopolymerization with a view r 
to determining the lifetime of the polymer radicals. 

The Photo polymerization of Butyl Acrylate. —The rate of reaction 
proved to be linear with time up to about 10 % polymerization and 
thereafter increased (Fig. 4). The average value at 25 0 C was found to 
be 30*4 X io- 4 % sec. -1 (0-72 x io -4 mole/1, sec.) and at 35 0 , 11*65 X io~ 4 
%sec. -1 (0*805 X io~ 4 mole/ 1 , sec.), giving an energy of activation of 2*1 
kcal. /mole. 



Fig. 4.—The photopolymerization of butyl acrylate (25°C). 

In order to verify whether mutual termination of the growing radicals 
is also operative in the photopolymerization, the intensity of the light 
was varied by means of a perforated screen whose transmission was 
40*8 %. The rates under the total illumination R and with the screen in 
position R t were measured. From the experiments the average value of 
the intensity exponent n is 0*52 at 25 0 and 0*53 at 35 0 , thus proving that 

37 
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the termination mechanism is the same as in the polymerization by peroxide 
(Table II). 

TABLE II 


T (°C) 

KJK 

n 

25 

0*65 

0*48 

— 

o-6i 

o *55 

— 

0-03 

0*52 

35 

0-62 

o *53 


Action of Inhibitors on the Photopolymerization of Butyl Acryl¬ 
ate. — Due to the very high molecular weights the rate of initi¬ 
ation of the polymerization by peroxide could not be obtained very 
accurately and, therefore, it was thought desirable to try to estimate 
the number of chains started by means of the action of an inhibitor. 
The reaction with several inhibitors was investigated and the results are 
shown in Fig. 5. It appears that benzoquinone causes no inhibition or 



Fig. 5. —Action of inhibitors (25°C). I. Benzoquinone 1*7 x io " 8 mole/1. 
II. Hydroquinone 1*7 X io~ s mole/1. III. Phenyl-0-naphth ylamine 0-19 
X io “ 8 mole/1. IV. ^-Phenylene diamine 0 41 x icr 8 mole/1. V . o-Phenylene 
diamine 0*44 x io~ # mole/1. VI. No inhibitor. 

retardation but, on the contrary, a large acceleration of the polymerization ; 
the rate is strictly linear up to 20 % polymerization. Hydrt )quinone 
shows no inhibition either, but a gradually increasing rate, ag ain larger 
than that of the “ uninhibited ** reaction. Furthermore the action of 
phenyl 0-naphthylamine, p- and o-phenylene diamine was inve. stigated. 
All these compounds prove to be accelerators of the reaction. i' r n some 
cases the intensity exponents were determined. The polymerizations 
with phenyl 0-naphthylamine and o-phenylene diamine have a yalue 
of 0*5 and that with />-phenylene diamine a value of i*o, showing *&hat 
the termination reaction mechanism is not always the same. No \ex- 
planation can, as yet, be offered for the above figures, except that fall 
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these molecules would appear to act as photosensitizers and some of them 
as retarders at the same time. Since none of the usual types of inhibitors 
or retarders appear to function, the remaining type would be a free radical 
itself or a free-radical-producing substance. For this purpose tetra- 
phenyl hydrazine appears to be more suitable. 

In experiments with tetraphenyl hydrazine it appeared that this 
compound causes retardation of the polymerization. The results at 




Fig. 6.—Inhibition by tetraphenyl hydrazine ( tph) at 25°C. 

25° are shown in Fig. 6 ; those at 35 0 are similar. The curves do not 
represent ideal inhibition as known from investigations by Foord 8 on 
styrene and by Burnett and Melville 4 on vinyl acetate. With butyl 
acrylate the polymerization starts after a period of complete inhibition 
and the rate increases gradually to a value larger than the rate of the 
uninhibited process. Moreover, this value is not always the same. In 
order to obtain comparable results, tangents parallel to the straight line 
representing the uninhibited rate were drawn to each rate curve, the 
intercepts on the time-axis being taken as the inhibition time. Of course, 
it is doubtful whether this arbitrary measure is justifiable. 

In calculating the value of 7 , it has been assumed that the photo¬ 
reaction involves the growth of a polymer diradical and that the termina¬ 
tion reaction occurs by the addition of a diphenyl nitrogen radical at 
each end of the diradical. The same result would have been obtained 
if it had been assumed that the butyl acrylate had, in fact, been split 
into two single radicals, each of which grows as a polymer radical this 
growth being stopped by interaction with a diphenyl nitrogen radical. 

The fact that in the presence of an inhibitor the reaction does not 
suddenly proceed at full speed at the end of the induction period shows 
that, even with this very powerful inhibitor, the propagation reaction 
must compete very effectively, which fact points to a rather high value 
for k 9 . 

The rates of initiation at mi X io~ 8 mole/ 1 , sec. 25 0 and 
1*15 X io* 8 mole/ 1 , sec. at 35 0 . Hence the rate of initiation determined 


* Foord, J. Chem. Soc., 1940, 48. 

* Burnett and Melville, Proc. Roy. Soc. A, 1947, 189, 456. 
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in this manner is temperature independent. Using the values of the 
overall rate already given, the ratio k v jk\ has been calculated (Table III). 

TABLE III 


T(°C) 

<W) 

I 

V*f 

dt 

(inole/1. sec. x io 8 ) 

(mole/1, sec. x io 8 ) 

(mole~il.i sec. ~ i) 

25 

0*72 

1*13 

0-097 

35 

0-805 

II 3 

O-IIO 


Comparison of the values of k P lkf with those mentioned in Table I 
shows that they differ by a factor 2, while the temperature dependence 
is not the same in both cases. Considering the large possible error in the 
osmometric molecular weights and the uncertainties involved in the 
evaluation of the inhibition experiments the accordance of the figures 
is not worse than could be expected. 

The Lifetime of the Active Polymer. —The lifetime of the growing 
radical was determined by measuring the rate of polymerization under 
steady and intermittent illumination. The theoretical treatment and the 
experimental technique of this method have already been described by 
Burnett and Melville. 4 These authors defined the lifetime r as 


_number of polymer radicals per unit volume (P), 

number of polymer radicals disappearing per unit volume and ~~~ ^(P)*' 
per unit time 

The steady state equation is 


d(P) 
d t 


= 1 - A t (P)J = o, 


which gives r = I ~ Ik t ~k. 

They also derived a relation between the ratio (P) 0 /(P) f (where (P) 0 is 
the average concentration of active particles over the light and dark 
periods) and m = t/r (where t is time of flash). The ratio (P) 0 /(P), is 
obviously the same as the ratio of the rates under intermittent and 
steady illumination. Fig. 7 shows the values of (P) 0 /(P) # as a function of 
m for equal periods of light and darkness. 

The experimental results for butyl acrylate are shown in Fig. 8. 
Change in temperature does not appreciably affect the position of the 
curve, in other words the lifetime and also the velocity coefficient for 
termination are temperature independent within the limits of experi¬ 
mental error. Using the values of m from the theoretical curve of Fig. 7, 
the lifetime r may be calculated. Applying this procedure, it is found 
that the lifetime decreases rapidly with decreasing relative rate ; in 
other words, the experimental curves fall off much faster than would 
be expected theoretically. It is worth emphasizing that the limiting 
values of the ratio at extreme times of flash are in accord with the square- 
root intensity relation. To find the best value for the lifetime avail¬ 
able under these circumstances r values taken from the upper, probably 
more reliable, part of the curves of Fig. 8, were used to draw the experi¬ 
mental curves in Fig. 7. Accordingly, a value of 70 sec. for r appears 
to be the best approximation. No explanation can, as yet, be offered for 
the discrepancies observed. 

The Velocity Coefficients for Propagation and Termination. —By 

inhibition with tetraphenyl hydrazine the rate of initiation at 25 0 as 
well as at 35 0 was found to be 1-13 x io~ 8 mole/ 1 , sec. Hence 

k t ~ i-8 x io 4 1. mole” 1 sec.” 1 
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and with the respective values of k 9 lk\ 

k p = 13 1. mole’ 1 sec.’ 1 at 25°, 
k v = 14*5 1 . mole- 1 sec.’ 1 at 35 0 C. 

Since the temperature coefficient of k t is directly calculable from the 
measurement of r at different temperatures there seems little doubt 
that k t is not dependent on temperature. The values of k 9 calculated 
above show a temperature dependence corresponding to an energy of 
activation of 2*1 kcal./mole, the rate of photo initiation being independent 
of temperature. Taking the maximum possible value of a bimolecular 
coefficient as io 11 1. mole -1 sec. -1 , the steric factor therefore amounts to 
5 x io~® for propagation and io“ 7 for termination (A v = 4*4 X io\ 
A t — i*8 x io 4 ). 

In view of the difficulty of obtaining accurate absolute values of the 
rate of initiation by inhibition experiments the absolute values of k p 
and k t may be in error. It is therefore of interest to utilize the value of 
k v tk\ from the peroxide experiments and, bearing in mind that the rate 
of initiation is obtained from molecular weight measurements, to cal¬ 
culate another set of values for h v . These are 

22*5 1. mole’ 1 sec.” 1 at 25 0 , 

31 1. mole' 1 sec. -1 at 35 0 . 

The energy of activation thus is 6-o kcal./mole which is somewhat larger 
than that from the photo results. The reason is that it is more difficult 
to obtain an accurate value of the temperature coefficient of the propa¬ 
gation reaction when already the temperature coefficient of the initiation 
reaction is as high as 30 kcal. According to these calculations the steric 
factor comes out at 5 x io~ a (A p = 5*1 X io fi ). 

One of the authors (A. F. B.) is indebted to the Management of the 
Koninklijke/Shell-Laboratorium, Amsterdam, for having been given the 
opportunity to carry out this investigation. The experimental work 
was carried out in the Chemistry Department of the University of 
Aberdeen. 

Chemistry Department , 

University of Birmingham . 


THE REACTION KINETICS OF WOOL 
WITH CHLORINE SOLUTIONS 

PART I.—DIFFUSION ACROSS A LIQUID LAYER 


By P. Alexander, D. Gough and R. F. Hudson 
Received 30 th May, 1949 

It is shown that the rate-controlling step in the reaction of a solution with 
wool is either diffusion through a liquid film or diffusion in the fibre, the two 
processes being characterized by activation energies of 6 and 12 kcal./mole 
respectively. The conditions of film diffusion are determined and the effect 
of agitation and temperature on film thickness calculated and related with 
experiment. It is deduced that the temperature coefficient of the film diffusion- 
controlled reaction should be greater than that of diffusion of chlorine in water. 
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The process of reaction in a heterogeneous system involves the 
following steps, one of which may be rate determining : 

(a) the transport of reactant to the surface, 

(b) the sorption of reactant, 

(c) diffusion of reactant through solid phase, 

(d) reaction at specific sites, 

(c) diffusion of products of reaction to the surface of the solid, 

(/) the diffusion of reaction products away from the surface into the 
bulk of the solution. 

For diffusion processes, rate of stirring of solution is all important and 
with low stirring rates the overall rate of reaction may be governed by 
(a) or (/). This point has recently been made by Boyd, Myers and 
Adamson 1 who studied the rate of diffusion of ions into a synthetic resin. 
They have shown that increase in concentration causes the rate-determining 
process to change from diffusion in solution to diffusion through the resin. 

The classical approach of Noyes and Whitney, 2 * Nernst 8 * and Brunner * 4 
considered a stationary layer of solution close to the solid surface across 
which diffusion proceeds according to the law of Kick. Then the rate of 
transport P across unit area of the layer is given by 

P = DAc/8.(1) 


where D is the diffusion coefficient, and A c the change in concentration 
across the layer of width 8. It is usual to assume that owing to rapid 
reaction at the surface the concentration of reactant near the surface is 
negligible compared with that of the bulk of the solution. This leads 
to the general relation 


t = 


*V 

DA 



(2) 


where c is the initial concentration of the solution, c — x the concentra¬ 
tion at time t, and V the volume of solution in contact with an area A. 

From this equation, 8 is found to be of considerable magnitude whereas 
Page 8 observed experimentally that the liquid close to the surface is in 
motion. The limitations and apparent invalidity of the simple theory 
led Euken 6 to attempt to develop a strictly hydrodynamic theory. 
The treatment is very complex and formal solutions have been obtained 
in two simple systems only. 7 A more general, although semi-empirical 
treatment has been developed by Cobum et al* and recently applied to 
rate processes at an electrode by Agar.® This treatment will be applied 
below to an investigation of the effect of temperature on the width of the 
diffusion layer which is of importance when the measured activation 
energy of the reaction of wool with chlorine at low stirring speeds is 
compared with the activation energy of diffusion in aqueous solution. 


Experimental 

Preparation of Reactants.— -Pure sodium hypochlorite solutions of known 
concentration and alkali content were prepared by passing chlorine into sodium 
hydroxide solution at o° C following the procedure of Cuttania and Rannucci. 10 
Knitted fabric of fine botany wool was used which had received no prior treat¬ 
ment other than mild scouring in soap and ammonia. Samples of this fabric 

1 Boyd, Myers and Adamson, J. Atner. Chem. Soc ., 1947, 2836. 

8 Noyes and Whitney, Z. physik. Chem., 1897, 23, 689. 

8 Nernst, ibid., 1904, 47, 52. 4 Brunner, ibid., 1904, 47, 56. 

6 Fage, Proc. Roy. Soc. A, 1932, I 35 > **28. 

8 Eucken, Z. Elektrochem., 1932, 38, 341. 

7 Levich, Acta Physicochim., 1942, 17, 257; ibid., 1944. * 9 » 117. * 33 ; Faraday 

Soc. Discussion, 1947, I, 37. 

8 Colburn, Ind . Eng. Chem., 1930, 32 , 967 ; Trans. Amer. Inst. Chem. Eng., 
* 933 . * 9 > 174 ; Chiltern and Coburn, Ind. Eng. Chem., 1934 * ^ 6 * 1183. 

8 Agar, Faraday Soc. Discussions, 1947, 26. 

10 Cattania and Rannucci, Ann. Chim. Appl., 1915, 3, 161. 
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were extracted by refluxing with alcohol and ether in a Soxhlet apparatus for 
several hours. The degreased sample was then dried at io2°-io5° C for one 
hour, cooled and weighed in a dry condition. 

Procedure. —The reaction was performed in an air-tight flask into which 
were fitted a thermometer, automatic pipette and stirrer, Fig. i. To prevent 

obstruction of the stirrer by other apparatus, the 
three-necked litre flask A was constructed with 
a wide central neck 55 mm. diam. and 70 mm. 
long, and with two small necks on either side 
approximately 100 mm. diam. 

The stirrer B was constructed of solid glass 
rod, the side of the square being 42 mm. and 
the length 70 mm. These dimensions were such 
that the stirrer frame could be drawn into the 
large neck of the flask out of contact with the 
liquid before a run was started. The stirrer was 
led into the flask through a mercury seal C and 
connected to an electric motor, the speed of 
which was varied by means of a rheostat and 
measured by a tachiometer. 

Finally, the specially constructed automatic 
pipette E was inserted and samples of known 
volume of the reacting solution could be re¬ 
moved. The tube F was connected to a filter 
pump through a wash-bottle trap, with G open 
to the air. The procedure for taking a sample 
was first to connect the bulb of the pipette to 
the pump, and then the bulb to the tube leading 
into the reaction vessel by turning T a . When 
the liquid in the pipette had risen almost to T 1# 
T 2 was closed, T 2 opened to the air, and the 
liquid run out through exit tube H to an upper 
graduation. The calibrated volume was then 
collected in a small flask containing acidified 
potassium iodide solution and the residual liquid 
Fig. 1.—Apparatus for rate in the pipette run back into the reaction vessel, 
of reaction determinations. The purpose of filling the whole length of the 

pipette, initially, well above the upper grada¬ 
tion mark, was to enable the residual liquid in H from a previous sample to be 
driven out before the following sample was taken. 

In stating the concentrations of reactants in this heterogeneous system, 
three variables must be specified, viz. the quantity of chlorine in solution, 
the volume of solution, and weight of fibres immersed. In all the experimental 
work described below the weight of fibres in a volume of solution was kept at 
a fixed ratio of 1/150. Consequently, the amount of chlorine used may be 
referred either to the volume of solution, i.e. as molarity, or to the weight of 
fibres. In the results below this concentration is expressed as the % weight 
of chlorine per weight of fibres. 

In a typical experiment a known weight of fabric (3-4 g.) was weighed, and 
from the dry weight the correct volume of reaction solution calculated to give 
the required ratio 1/150. The required volume of buffer solution was intro¬ 
duced into the flask and the calculated quantity of sodium hypochlorite solution 
added. The weighed piece of fabric was then fixed uniformly round the stirrer 
cage and immersed in buffer solution overnight at the reaction temperature. 
After the initial pH of the reaction mixture had been taken the stirrer and fabric 
were fitted into the flask so that the fabric remained out of contact with the 
solution. A zero time reading was taken by withdrawing an initial sample 
in the manner described above and titrating the liberated iodine with standard 
sodium thiosulphate solution. The stirrer motor was then started and reaction 
initiated by lowering the stirrer frame into the liquid. Samples were then with¬ 
drawn and the stirring rate noted periodically. After 10-15 samples had been 
collected, reaction was stopped by withdrawing the stirrer and the final pH 
taken. In no case did the pH vary by more than o-i pH unit. 

The reactions were all performed at pH 2. As no satisfactory buffer applies 
to this low pH, it was found to be satisfactory to use the calculated quantity 
of sulphuric acid and adjust the pH by small additions of acid to give the required 
value. 
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Results 

Table I gives a brief summary of the measured rate of reaction with o*oi M 
chlorine the results being given in half-life values as the kinetics are of the first 
order. In all these experiments at 2, a fibre/solution ratio of 1/150 (wt./vol.) 
was employed. 

TABLE I 


stirring Rate 
rev./min. 

fj. min. at 25 0 C 

<4 min. at o° C 

1 

o*C 

25° C 

E cal. 

80 

36 

107 

3*o 1 

4150 

90 

[6-6]* 

10*0 

— 

6370 

HO 

3*o 

7-8 

2*6 

6220 

200 

i*5 

4*o 

2*7 

6460 

300 

i*i 

2*9 

2*6 

6220 

400 

o*57 


“ 



* For io° C. 


TABLE II 
o-o 1 M chlorine ; o°C 


To demonstrate that the method of stirring used was efficient, limited ex¬ 
periments were performed holding the wool on a stationary frame and agitating 
the solution with a 3-cm. paddle-type stirrer. The 
results given in Table II show that the former 
method is some 8-10 times as efficient as the latter 
process, judged on rate of reaction. 

The effect of concentration of chlorine at o° C 
is given in Table III. The half-life values recorded 
are the mean for two or three individual experi¬ 
ments. 

The course of these reactions is represented 
graphically m Fig. 2, 3 and 4 as plots of log 10 

— against t. It is seen that with low con- 
c — x 

centrations of chlorine at low and high stirring 
rates, these graphs are linear in agreement with 
eqn. (2). As the concentration is increased at low stirring rates deviations 
are noted suggesting an accumulation of chlorine at the surface. With in¬ 
creasing concentration at high stirring rates, however, the law is no longer 


Stirring Rate 

i 

t j min. 

rev. / min. 

HO 

t>7‘5 

420 

14*6 

600 

ii*5 


TABLE III 


Stirring Rate 

Values for Concentrations * 

rev./min. 



1 






25 % 

15% 

10 % 

5% 

3 % 

1% 

\% 

IOO 


_ 

8-9 

_ 

5*3 

_ 

5*o 

600 

3*2 

2*5 

27 

1-64 

1*6 

i*7 

i*5 


* Expressed as % wt. of chlorine per wt. of fabric. 


obeyed (Fig. 3) ; this is discussed in Part II in terms of a change in mechanism. 
With 10 % chlorine on the weight of wool this change occurs at 300 rev./min. 
at o° C and 500 rev./min. at 25 0 C and with lower chlorine concentrations at 
correspondingly higher stirring rates. At the higher temperatures (e.g. 25 0 C), 
there was an unavoidable loss of chlorine when the fabric was introduced into 
the flask, which explains the failure of the graphs shown in Fig. 4 to pass 
through the origin. 

Discussion 

The observation that the rate of reaction is highly dependent on the 
rate of stirring (Fig. 6), together with the logarithmic form of the rate 
curve and the comparatively low activation energy of ca . 6 kcal./mole 
37* 
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supports the conclusion that diffusion of chlorine through the liquid 
governs the rate of reaction. This mechanism is promoted by low stirring 



Fig. 4.—Graphs of log 10 ~—- against t at 25 0 C with 10 % Cl* at stirring rates 

of So to 600 rev./min. 

rates, low concentrations and high temperatures, and changes to an 
alternative process characterized by an apparent activation energy of 
12 kcal./molc on changes of these conditions (Fig. 5). In the latter 


12,000 


1 

10,000 1 

/ 


8,000 

£ (cal.) 


6,000 

Pate of stirring (rev. I min) 

200 40 0 ' 600 ^ 

Fig. 5.—Apparent activation energy and stirring rate for 10 % Cl # . 

case the rate of reaction is independent of the rate of stirring and con¬ 
sequently must be due to a rate process within the fibre. This process 
is considered in Part II. 

Values of S were calculated from the eqn. (2) using data for chlorine 
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solutions of concentration io %. An approximate value of D of 
0*5 x io“ # cm. 8 /sec. at o° C, derived from the Stokes-Einstein equation 
and from a comparison of D for similar molecules, was assumed, and the 
surface area 11 of the fibres taken to be 3 to 10 cm. 2 /g. A linear relation¬ 
ship is found to exist between l and rate of stirring (Fig. 6). The values 



Fig. 6 .—The effect of rate of stirring on the thickness of the diffusion layer, 
calculated from rate measurements. 


of 8 compare favourably with other values calculated from rate measure¬ 
ments of physical, 12 chemical 13 and electrochemical processes. 14 It 
has been observed in many cases 15 that a general relationship between 8 
and rate of stirring U of the following type holds, 


const. 

S== ~tF^* 


( 3 ) 


where a varies from 0-5 to i*o depending on mode of stirring. In many 
studies of the rate of dissolution of crystals, Gutman et al . 12 has found that 
the rate is proportional to stirring rate (i.e. a = 1). King and Braver- 
mann 17 studying the rate of solution of zinc in acids found that a varies 
initially from 0*5 to 1*0, after which the rate of reaction increases in 
direct proportion to the rate of stirring. 

The Effect of Temperature.— The calculated activation energy of 
the diffusion of chlorine across a liquid layer at the fibre surface is found 
to be approximately 6 kcal./mole as compared with values between 
4*0 and 4*5 kcal./mole for the diffusion of solutes in water. 12 This differ¬ 
ence indicates that the value of 8 decreases with increase in temperature, 
which effect is incorporated in the experimental activation energy. This 


11 Sullivan and Hertel, Textile Res., 1940, II, 30. 

12 (a) King et al., J. Amer. Chem. Soc., 1935, 57, 828 ; ibid., 1937, 59» I 375 »' 
Ind. Eng. Chem., 1937, 3 9 > 75 > (&) Gutman, et al. ; see ref. 16 ; also ref. 15. 
(c) Wilderman, Phil. Mag., 1929, 18, 558. 

12 (a) Jablczynski, Z. anorg. Chem., 1929, 180, 184 ; (6) King and Bravermann, 
J. Amer. Chem. Soc., 1932, 54, 1744 (see also ref. 15). 

14 See review by Glasstone and Hickling, Electrolytic Oxidation and Re¬ 
duction (Chapman and Hale, 1935), and ref. 4. 

16 Hixson and Crowell, Ind. Eng. Chem., 1931, 23, 1160; Van Name, Z . 
physik. Chem., 1910, 73, 97; Wilderman, ibid., J909, 66, 445; King and Schack, 
J. Amer. Chem. Soc., 1935. 57 > 1212. 

16 Gutman, et al. ; Rocz. Chem., 1928, 8, 445 ; 1932, 12, 9 ; Jablczynski, 
Gutman and Walcznk, Z. anorg. Chem., 1931, 202 , 403. 

17 King and Braverman, /. Amer. Chem. Soc., 1932, 54, 1744. 

12 Kincaid, Eyring and Stearn, Chem. Rev., 1941, 28, 301 ; Kincaid and 
Eyring, J. Chem. Physics, 1939, 43, 37. 
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condition has so far not been examined, as it is usual practice to identify 
the activation energy of the heterogeneous process with that of liquid 
diffusion. 

The width of a hypothetical diffusion layer 8 may be represented in 
terms of hydrodynamic properties as follows : • 

-—•(*)■(?)• ••••«> 
where rj is the viscosity and p the density of the solution. The velocity 
of the heterogeneous process may be given in terms of a first-order constant 
k such that 

k^D/8 .(5) 

so that k — const. D j (j~^J • • ■ • . (6) 

It has been seen (Fig. 6) that a ~ 1 but there is little direct information 
on the value of b. Theoretical calculations of Levich 7 require a value 
of 0-3, although experimental values for several processes 19 have suggested 
values lying between 0-3 and 0-5. For the diffusion of a wide variety of 
solutes in water it is observed that the temperature coefficient for diffusion 
is almost equal to the energy of viscous flow. Thus, for the o°-20° C 
range, the energy of activated diffusion of many solutes in water lies 
between 4 and 5 kcal./mole, the energy of viscous flow being 4*6 kcal./mole. 

From eqn. (6) the velocity constants k J and k z at two temperatures 
are given by 

h (Hi £*) b (-) 

h 2 b 2 Pt TJi \ rj 2 p x D 1 J 

Neglecting the change in density of water and assuming that r] t /r/, ^ D 1 ID Z , 
values of the apparent activation energy are calculated for the extreme 
values for b of 0*3 and 0*5 (Table 
IV). Thus, values of the apparent 
activation energy somewhat greater 
than the activation energy for diffu¬ 
sion in solution are to be expected. 

The available experimental data 
reviewed in Table V support this 
deduction. 

These results show that apparent 
activation energies of the order of 6000-7000 cal. /mole can be interpreted 


TABLE IV 


a 

b 

E (cal./mole.) 

IO 

o *5 | 

4500 

1*0 

°*3 

6500 


TABLE V 


Diffusion Process 

E (cal./mole.) 

Solution of benzoic acid . 

570° 12 

„ „ CuS 0 4 . 

6300 19 

„ „ NiS 0 4 . 

7200 16 

*» K*Cr g 0 7 . 

5180 16 

,, ,, picric acid . . . . . . . 

7000 19 

,, „ activated A1 in HC 1 . . . • « 

5800 130 

,, „ Cu in ammonia ...... 

7000 92 

„ „ Zn in HC 1 ....... 

4500 17 

Reaction of KMn0 4 with wool ...... 

8000 20 

Dyeing of wool in very dilute solutions .... 

6000 81 


39 Hixson and Baum, Ind. Eng. Chem., 1941, 33, 478 ; 1942, 34, 120 ; King 
and Howard, ibid., 1937, 3 9 > 75 » McAdams, Heat Transmission (McGraw Hill, 
194 ^)- 80 Alexander and Hudson, J. Physic. Chem., 1949* 53* 733- 

91 Alexander and Hudson (in press). 

"Yamasaki, Int. Cong. Pure Appl. Chern., 1909, 10 , 172. 
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on a diffusion basis only and that observed values of this order do not 
necessarily mean that the rate is controlled by a chemical process. 

The relatively high value of the apparent activation energy of the 
reaction between wool and chlorine when controlled by liquid diffusion 
is thus in agreement with theoretical expectations and observed values 
in a variety of widely differing processes also controlled entirely by 
diffusion in solution. 

The authors wish to thank Messrs. Wolsey Ltd. Leicester, for financial 
support which made this investigation possible and Prof. H. V. A. Briscoe 
for his help and interest. 
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MOLECULAR INTERACTION IN MIXTURES 
OF ESTERS 

PART II .—THE HEAT AND ENERGY CHANGES ON MIXING 


By P. Meakes 

Received 10th January, 1949 ; as amended 1 yth June , 1949 

A calorimeter is described for the measurement of heats of mixing and data 
are presented for thirty-nine mixtures of esters. The cohesive energies, co¬ 
efficients of thermal expansion and isothermal compressibility of the esters 
have been obtained and used to derive the energies of mixing at constant volume. 

These energies are examined in terms of the regular solution theory and the 
assumption of random mixing is found to be a good approximation for most 
of the mixtures. Energies of mixing predicted by the theory from the cohesive 
energies do not agree with the experimental values. Some agreement is ob¬ 
tained using cohesive energies at the boiling point and this is discussed in terms 
of the theory of corresponding states. There is a close connection between the 
energy of mixing of an ester with ethyl acetate and of the same ester with 
1 ; 3-butanediol diacetate. 

The theory of Scatchard relating the volume changes and energies of mixing 
is examined for mixtures conforming to the necessary assumptions and a close 
agreement found with the experimental results. 


Solutions with a non-zero heat but an ideal entropy of mixing have 
been considered by Scatchard 1 and Hildebrand 8 by whom they have 
been named regular solutions. The heat of mixing is due to the inter¬ 
action of the potential energy fields surrounding the different types of 
constituent molecules. The regular solution theory expresses the energy 
change on mixing in terms of the concentrations and physico-chemical 
properties of the constituents. With the assumption that, in a binary 
mixture, molecules of the first species can replace those of the second 
without changing the molecular arrangement an expression has been de¬ 
rived by a number of authors 3 » 4 * 6 for the molar energy of mixing, Af/«, 

5 Scatchard, Chem. Rev., 1931, 8, 321. 

8 Hildebrand, Solubility of Non-electrolytes (Reinhold, New York, 1936), 
2nd ed., p. 65. 

3 Hcitler, Ann. Physik., 1926, 80 (4), 630. 

4 Hildebrand and balstrom, J. Amer . Chem . Soc. t 1932, 54, 4257. 

6 van Arkel, Rec. trav. chim., 1936, 55, 407. 
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equivalent to 

A U v = — #i#g(Al/ivap. + A£/2vap. — 2Ne lt ), . • (*) 

A U ivap. and A£/2vap. are the molar energies of vaporization and x x and 
x % the mole fractions of the two components, N is the Avogadro number 
and e l2 the potential energy of a molecule of one species completely sur¬ 
rounded by molecules of the other species. It is usual to set 


— (AC/ivap. • AtTjjvap.)^ 

though this is only approximately true. Eqn. (1) then reduces to 

A U v — *i* a [(At/ivap.)t — (ACTjjvap.)^] 2 * . . * (2) 


The assumption of random mixing without change of arrangement 
can only be justified when the molecules of both species are alike in size 
and shape, when they differ in these respects Scatchard 1 and Hildebrand 
and Wood* have derived equivalent formulae for the energies of mixing : 


A U v 


Xi V°x,V° t r 

* ( Af/ivap.\ ^ 

l A U\2 vap. \ i 

l Y 


*1 VI 4- X 2 V\ L 

A vi ) 

\ K ) 

J ’ 



( 3 ) 


where V° and V\ are the molar volumes of the pure components. Here 
the geometric-mean assumption for the interaction energies is introduced 
in a form involving (At/vap./EJ, the cohesive energy densities of the 
components. 

It has been pointed out by Guggenheim 7 that it is unlikely that the 
conditions required for a regular solution can ever be realized in practice. 
Equations have been derived by a number of authors which take account 
of the non-randomness in the arrangement of the molecules due to a 
finite energy of mixing. 7 - 8 - •• lu The existence of this effect is generally 
accepted, 2 * 11 * ia - 13 but it is agreed 10 - 14 » I8 - 16 that in many cases its extent 
is so small as to have little effect on the energy of mixing, except for a 
small range just above the critical solution temperature. Scatchard 
and Hamer 11 have found that the regular solution eqn. (3) is in some 
cases more satisfactory than the refined ones and the simple theory has 
been used successfully by Hildebrand and his co-workers to explain the 
behaviour of a large number of binary mixtures containing non-polar 
or slightly polar components. 

The energy of mixing may be obtained from determinations of the 
heat of mixing at constant pressure together with data on the volume 
changes. Heat and energy of mixing data are presented in this paper 
lor a number of related mixtures and the validity of eqn. (3) examined. 


Experimental 

The Calorimeter.— The calorimeter, developed from one described by 
Ferry, Gee and Treloar, 17 is depicted in Fig. 1 which is drawn to scale. The 
liquids were mixed in the double bulb A. To minimize evaporation loss from the 
outer bulb a rubber ring B fitted tightly into a brass collar C, the hole in which 

6 Hildebrand and Wood, J. Ghent. Physics, 1933, I, 817. 

7 Guggenheim, Proc. Roy. Soc. A, 1935, 148, 304. 

8 Rushbrooke, ibid., 1938, 166, 290. 

• Fowler and Guggenheim, Statistical Thermodynamics (Cambridge Univ. 
Press), p. 358. 

10 Kirkwood, J. Chem. Physics, 1939 * 43» 97- 

11 Scatchard and Hamer, J. Amer. Ghent. Soc., 1935, 57, 1805. 

12 Scatchard, Chem. Rev., 1949 . 44, 7- 

13 Hildebrand, ibid., 1949, 44, 37. 

14 Op. cit ., ref. 9, p. 356. 

15 Hildebrand, Science, 1939 . 90 , i. 

16 Hildebrand and Negishi, J. Amer. Chem. Soc., 1937, 59» 339 * 

17 Ferry, Gee and Treloar, Trans. Faraday Soc., 1945, 41, 340. 
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just allowed free passage of the inner bulb tube ; this was closed with a rubber 
cap D. The first liquid, introduced into the outer bulb from a burette with a 

long delivery tube which reached through 



Fig. i.—T he calorimeter. 


the inner bulb, was separated by a pool 
of mercury from the second liquid 
which was in the inner bulb. Mixing was 
effected by raising the inner bulb and rotat¬ 
ing it, the glass spikes E acting as stirrers. 

This mixing bulb fitted centrally 
through a rubber bung into an unsilvered 
Dewar vessel F filled with water and 
stirred by a stream of air saturated with 
water vapour. The air exit tube was 
covered at the bottom by a glass disc to 
prevent water splashing out. The tem¬ 
perature changes were measured with 
a twenty junction thermopile G of 20 
s.w.g. constantan and 34 s.w.g. copper. 
The constant temperature level was a 
second Dewar vessel, placed close to the 
first and stirred with the air stream. 
The thermojunctions were arranged alter¬ 
nately in the two Dewars so as to be 
distributed at 1 cm. intervals through¬ 
out their depths. The wires and junc¬ 
tions were insulated with cloth sleeving 
painted with a solution of polystyrene in 
benzene incorporating some plasticizer. 
This coating did not deteriorate during 
long immersion in water. The heat 
capacity of the calorimeter was deter¬ 
mined by the introduction of measured 
amounts of electrical energy through the 
Nichrome coil II of resistance about 12*5 
ohm. The calorimeter and air saturators 
were immersed, so that only the leads and 
the mixing bulb tubes projected, in a 
water thermostat at 20° C, kept constant 
to i 5 X io~ 4 ° C. 

Heats of mixing from 01 cal. to 3*0 
cal. were anticipated and an accuracy 


of o*oi cal. required. The thermal capacity of the apparatus was about 80 
cal./deg. so that 0*01 cal. corresponded to an e.m.f. from the thermopile of 
approximately 5 X io~ B V. A null method 


Therrr.opi/e 


O'02. ohm 


of measurement was devised, a diagram of-- 

the circuit appears in Fig. 2. The commu- r , 

tator was arranged so that the p.d. across r a tanon 

the o*o2 ohm resistance opposed the thermo- _/ \ 

pile e.m.f. , and the variable resistance ad- ThermopT/e \ A 

justed until the galvanometer, a Kipp and — i j/ *_ 

Zonen Zemicke Zc, returned to its zero 

point. Then the ratio of the p.d. across * * 

the 1000 ohm resistance to the thermopile 

e.m.f. was 50,000/1. A heat of mixing of --✓w... 

1 cal. corresponded to a p.d. of 0^25 V, 0 '02ohm 

measured on a potentiometer, and the re-_ O'f0*ch/r^L 

quired accuracy of 2*5 mV was well within Accumulator 

the limits of the potentiometer using a /£>■ 

needle-type galvanometer. I_ T 

Method of Operation. —The potentio- /,000 ohm 

meter reading was taken at the start of 
each experiment to ensure that the calori- 01 t 

meter had reached thermal equilibrium. -roienf/cmeter 

After mixing the liquids, potentiometer Fig. 2.—The thermopile circuit, 
readings were taken at intervals of 0-5 

min. or 1 min. for 14 min. and a cooling curve constructed (Fig. 3). The heat 
change was always complete in 1-2 min. and the cooling curve of such small 


1 Accumulator 


0-10'ohms* 


/000 ohm 


>Poler?t/ometer 


Fig. 2.—The thermopile circuit. 
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slope that extrapolation was simple. The cooling correction, applied assuming 
Newton's law, was never greater than 2 % of the total heat change. The thermal 
capacity was determined for each run using an amount of electrical energy 



Fig. 3. —Typical cooling curves. 

A—Mixing experiment. B—Thermal capacity determination 

approximately equal to the heat of mixing, and a cooling correction applied 
as before. The resistance of the heating coil was checked in a Wheatstone 
net circuit and the p.d. across the coil measured on the potentiometer during 
the time of operation of the heating current which was usually 1 min. A stirring 
correction for the mixing was obtained by stirring the already mixed liquids 
according to a standard technique. This was never greater than 0*02 cal. 
The apparatus was cleaned by sucking out the contents of the mixing bulb, 
flushing three times with acetone and drawing through a stream of dry air. 

It was frequently required to determine the heat of mixing of equal volumes 
of components, A and B. Parallel runs were carried out except that in the 
first case A was in the outer bulb and in the second case B was in the outer 
bulb. The average of the results was taken as the true heat of mixing. When 
either or both of the components were fairly volatile errors arose and it was 
necessary to employ a method of differences. There was about 12 ml. of free 
air space in the outer bulb saturated with vapour in equilibrium with the liquid 
in that bulb. After mixing, evaporation of one component and condensation 
of the other occurred in order to maintain this equilibrium and the heat effects 
did not in general counter-balance. To overcome this, the heat of mixing of 
a ml. of A and b ml. of B was measured with (2 + a + b) ml. of mercury in 
the pool; then the heat of mixing of 2 a ml. of A and 2 b of B was measured w r ith 
2 ml. of mercury in the pool. The total volume of the contents, 2 (a -f b + 1) ml., 
and hence the volume of free air space, was equal in both experiments and so 
was the composition of the mixture, thus the evaporation heat effects were 
also equal. The difference between the two results gives, therefore, the heat 
of mixing of a ml. of A with b ml. of B. Heat determinations were repeatable 
to ± o*o2 cal. or, for heats greater than 1 cal., £ 2 %. 

The materials were identical with those used in Part l. 18 

Results 

Heats of Mixing. —The same series of mixtures as in Part I was investigated. 
For mixtures containing ethyl acetate the difference method was employed. 
The heats of mixing per mole of mixture, for equal volumes of the two com¬ 
ponents, together with the molar volumes of the mixtures at 20° C, (x^l + x g Vl), 

18 Meares, Trans. Faraday Soc. t 1949, 45, 966. 
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are given in Tables I and II in which heat absorbed is recorded as positive. The 
same mixtures as in Part I were investigated over a range of concentrations 
and the data are presented in Fig. 4. 


TABLE I. — Heats and Energies of Mixing at 20° C for Mixtures 
containing Ethyl Acetate (i cal. = 4*184 joules.) 


Substance 

Mole Fr. 
EtAc 

Molar Vol. 
Mixture (ml.) 

A "'(iSJ e ) 

At/ *(sn.) 

1 : 3-Butanediol diacetate . 

0-633 

123*9 

~o *4 

2 5*5 

Diethyl oxalate 

0-581 

1137 

-19*9 

8*2 

Diethyl malonate 

0*608 

II9*I 

6-4 

27*0 

Diethyl succinate 

0*631 

123*5 

0*0 

26*2 

Diethyl adipate.... 

0*671 

I 3 I -4 

- 5*5 

25-1 

Diethyl diethylmalonate 

0*691 

135-3 

6*2 

30*6 

Diethyl sebacate 

0*732 

143*3 

28*5 

49-9 

Dibutyi oxalate 

0*676 

132*4 

-7.9 

13*4 

Dibutyl malonate 

o*6g2 

135*5 

- 5 *° 

16*9 

Dibutyl succinate 

0*707 

138*4 

8-3 

31*0 

Dibutyl adipate 

0733 

143-5 

31*6 

50*3 

Dibutylsebacate 

o *774 

151*6 

75-5 

86*8 

Dimethyl phthalate . 

0*625 

122*3 

— 6*i 

8o*i 

Diethyl phthalate 

0*670 

131*2 

5*9 

61*3 

Di-w-propyl phthalate 

0*704 

137*7 

20*4 

659 

Di-w-butyl phthalate . 

0*731 

I 43 ’ 1 

32*9 

66*6 

Di-isobutyl phthalate 

0*732 

143-3 | 

17*1 

48-4 

Di-»-amyl phthalate . 

0 753 

147-6 

62*0 

84-7 

Dimethylglycol phthalate . 

0*711 

139*6 

45*9 

141-3 

Di-/?-chloroethyl phthalate . 

0*692 

135-4 

— 60*2 

4°-5 


TABLE II. —Heats and Energies of Mixing at 20° C for Mixtures 
containing 1 : 3-Butanediol Biacetate (BDA) (i cal. — 4*184 joules.) 


Substance 

Mole Fr. 
BDA 

Molar Vol. 
Mixture (ml.) 

AW *(^e) 

At/ *(^r e ) 

Diethyl oxalate 

0*446 

150*3 

— 20*1 

— 12*6 

Diethyl malonate 

o *474 

159*9 

9'4 

II*I 

Diethyl succinate 

0*498 

168*0 

6*7 

5-0 

Diethyl adipate.... 

0*542 

182*9 

22*5 

18*4 

Diethyl diethylmalonate 

0-565 

190*5 

65-3 

62*2 

Diethyl sebacate 

0*613 

206*9 

88-6 

69-9 

Dibutyl oxalate 

0-548 

184-9 

10*2 

8*6 

Dibutyl malonate 

0*566 

191*0 

32*7 

27*8 

Dibutyl succinate 

0*583 

196*6 

57 *o 

47*2 

Dibutyl adipate 

0*614 

207*2 

85*2 

66*8 

Dibutyl sebacate 

0*666 

224*5 

170*9 

135*6 

Dimethyl phthalate . 

0*492 

165*8 

15*4 

34*3 

Diethyl phthalate 

0*541 

182*5 

44*0 

42*2 

Di-w-propyl phthalate 

0*580 

195*5 

6i*o 

50*6 

Di-n-butyl phthalate . 

0*612 

206*4 

101*4 

81 *6 

Di-isobutyl phthalate 

0*613 

206*9 

81*3 

65-4 

Di-w-amyl phthalate . 

0*639 

215*8 

128*7 

107*0 

Dimethylglycol phthalate . 

0*589 

198*6 

70*7 

90*9 

Di-j 3 -chlorethyl phthalate . 

o* 5 b 5 

190*7 

- 47*3 

-21*3 


Estimation of Cohesive Energies. —In order to test eqn. (3) the cohesive 
energy densities of the esters at 20° C are required. The molar cohesive energy 
of the liquid is generally regarded as the energy A£/ V ap. required to vaporize 
one mole into the perfect gas state. If the vapour is treated as behaving 
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ideally this is related to the molar latent heat of vaporization, A£f v *p., by 

AC 7 v »p. - Aifvap. - RT .(4) 

There are apparently no calorimetric data for the latent heats of diesters 
so alternative approaches must be adopted. The latent heats of some dialkyl 


Fig. 4.—Concentration dependence of 
heat of mixing. 

Key to Fig. 4, 5, 6 and 7 

• Ethyl acetate and dimethyl 
phthalate. 

0 Ethyl acetate and di-n-butyl 
phthalate. 

(t Ethyl acetate and di-n-amyl 
phthalate. 

Q 1 : 3-Butanediol diacetatc and 
diethyl oxalate. 

C 1 : 3-Butanediol diacetate and 
di-«-propyl phthalate. 

O 1 : 3-Butanediol diacetate and 
dibutyl sebacate. 



phthalatcs have been obtained, for temperatures ranging from 40° C for di¬ 
methyl phthalate to 85° C for the di-**-amyl ester, from the vapour pressure 
data of Small, Small and Cowley, 1 * using the Clausius-Clapeyron equation. 
Latent heats may be estimated using Hildebrand’s extension of Trouton's rule. 80 
This rule, the fundamental basis of which has been established by a number of 
theoretical studies, shows that the dependence of A// V » p . upon t b , the boiling 
point on the Centigrade scale, is almost linear over a wide range. The values 
of the latent heats refer to a temperature close to the boiling point. The latent 
heats of about thirty esters of monocarboxylic acids have been measured at 
their boiling points. 81 * 82 The esters range from methyl formate (b.p. 32 0 C) 
to ethyl nonylate (b.p. 227 0 C), and the data are fitted within ± 2 % by 

A/fvap. = 20-604 4 - 6,103, . . . • ( 5 ) 

AHvap. is in cal./mole. In two-thirds of the cases the deviation from (5) is 
less than 1 %. This equation has been used to calculate the latent heats of 
the diesters at their boiling points (Table III, col. 3). 

19 Small, Small and Cowley, Trans. Faraday Soc., 1948, 44, 810. 

20 Hildebrand, J. Amer, Chem. Soc., 1915, 37 » 97 ° ; ibid., 1918, 40, 45 ; op. 
cit., ref. 3, p. 102. 

21 Brown, J. Chem. Soc., 1903, 83, 987. 

82 Matthews, /. Amer. Chem. Soc., 1926, 48, 562. 
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The variation of the latent heat of evaporation with temperature is deter¬ 
mined, very approximately, by 

ftt 

A/f vap.ffi) — AHvap.(tj) + 1 AC, . dT, . . • (6) 

where AC, = C,(iiq.) — C,( V ap.). 

C, is a molar specific heat at constant pressure, and if AC, is treated as independ¬ 
ent of temperature, t x is 20° C and t % is the boiling point, t b , then (6) becomes 

AHvap<20 o ) — AHvap(«b) + AC„(f 6 — 20). . . • ( 7 ) 

Suitable specific heat data are almost entirely lacking, but A c 9 (cal./deg. g.) 
for certain diesters may be estimated from (7) by comparing the latent heats 

TABLE III.— Latent Heats and Evaporation Energies of Esters 


Substance. 

Boiling Pt. 

•c 

* w vap. 

(b.p.) 

Vmole/ 

A*YM. 

(so« C) 

( r - a .L ) 

Vmole/ 

a*'*.,. 

(b.p.) 

(SLN 

Vmole/ 

(JO* C) 

Vmole/ 

Ethyl acetate 

77-1 

7 * 7 T 1 

s. 5 « 

7.015 

7 * 94 ° 

1 : 3-Butancdiol diacetate 

208*0 

10,388 

14,600 

9 , 43 - 

14,000 

Diethyl oxalate 

186*1 

9.937 

13,100 

9.025 

12,500 

Diethyl malonate 

198-9 

10,200 

13,900 

9,262 

13*300 

Diethyl succinate 

216*5 

10.563 

15,000 

9.590 

14,400 

Diethyl adipate 

241*0 

11,068 

16,900 

10,047 

16,300 

Diethyl diethylmalonate . 

226*0 

10,759 

16,500 

9 , 7^7 

15,900 

Diethyl sebacate 

308*0 

12,448 

22,100 

11.294 

21,500 

Dibutyl oxalate 

243-4 

11,117 

17,000 

10,091 

16,400 

Dibutyl malonate . 

25 I -5 

11,284 

17,800 

10,242 

17,200 

Dibutyl succinate . 

274-5 

11.758 

19,400 

10,670 

18,800 

Dibutyl adipate 

305-0 

12,386 

21,900 

11,238 

21,300 

Dibutyl sebacate 

344*0 

1 3> J ®9 

26,400 

11,963 

25,800 

Dimethyl phthalate. 

282*0 

11,912 

18,500 

10,809 

17,900 

Diethyl phthalate . 

296*1 

12,203 

20,200 

11,072 

19,600 

Di-w-propyl phthalate 

317*5 

12,644 

22,300 

11,741 

21,700 

Di-n-butyl phthalate 

3400 

13,107 

24,700 

11,889 

24,100 

Di-isobutyl phthalate 

327*0 

12,839 

23,900 

11,647 

23,300 

Di-w-amyl phthalate 

344 -o 

13.189 

26,100 

1.-963 

25,500 

Di methylglycol phthalate 

358-0 

13.478 

26,600 

12,224 

26,000 

Di- 0 -chlorethyl phthalate * 

355-0 

I 3 . 4 16 

26,100 

12,168 

25 » 5 °° 


from the vapour pressure data 11 with those at the boiling points from Hilde¬ 
brand’s rule. An almost constant value Ac, = 0-13 cal./deg. g., obtained by 
this means, has been used to reduce all the values of A// V »p. at the boiling points 
for the diesters to 20° C (Table 111 , col. 4). Taking the same value of Ac, for 
all the diesters is a very crude approximation and the use of the rough eqn. (6) 
is therefore justified. It is clear that the values of A H VAV , (20° C) are con¬ 
siderably less accurate than A// V »p. (b.p.). For ethyl acetate AH v »p. (20° C) 
has been obtained from the vapour pressure data in the International Critical 
Tables. 

The energies of evaporation at the boiling points and at 20° C (Table III, 
col. 5 and 6) have been obtained from the heats of evaporation using eqn. (4). 

Determination of the Coefficients of Thermal Expansion and Isothermal 
Compressibility. —In order to obtain the energies of mixing at constant volume 
from the heats of mixing at constant pressure the coefficients of thermal expan¬ 
sion (a — i/V(dV/dT) P ) and isothermal compressibility (k ~ — i/V(dV/dp) T ) 
are necessary. 

Using the technique of Part I, the densities of all the esters have been deter¬ 
mined at 25 0 C. In conjunction with the densities at 20° C (Part I, Table I), 
these have been used to calculate the coefficients of thermal expansion. These 
are presented in Table V, col. 3. 

There are few published values of the isothermal compressibilities of the 
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diesters, and the data of different observers frequently disagree. It can be 
shown thermodynamically that 88 

Tot/* ^ A Uvtp./V 0 .(8) 

The values of (AUVap./E 0 ) at 20° C, obtained from the energies of vaporization 
in Table III and the molar volumes (Part I, Table I), are given in Table V, col. 2. 
The isothermal compressibility of ethyl acetate has been measured at 20° C 
by Tyrer 84 and for diethyl oxalate and malonate the compressibilities may be 
obtained from the data of Gay. 16 These compressibilities have been used to 
test eqn. (8) ; it is clear from Table IV that it is closely obeyed. 


TABLE IV 


Substance 

Ot 

k (Mbarye) ** 1 

TocJk 

(tr) 

(S) 

Ethyl acetate 

1*32 X IO ~ 3 

113 X IO' 4 

8i*6 

807 

Diethyl oxalate 

0*99 

75 

924 

92*2 

Diethyl malonate . 

o*95 

75 

88-6 

87*5 


The values of k for the other diesters and for 1 : 3-butanediol diacetate have been 
obtained from eqn. (8) (Table V, col. 4). 


TABLE V.— Cohesive Energy Densities, Coefficients of Thermal 
Expansion and Isothermal Compressibility of Esters at 20° C 


Substance 

y°— 

( 5 !) 

r* 

«(Mbarye)i 

Ethyl acetate 

80*7 

1-32 X IO 8 

1 13 X IO~ 4 

1 : 3-Butanediol diacetate 

83*0 

0-89 

75 

Diethyl oxalate 

92*2 

099 

75 

Diethyl malonate . 

87-5 

o *95 

75 

Diethyl succinate . 

86-i 

1*02 

83 

Diethyl adipate 

8i*6 

0-91 

78 

Diethyl diethylmalonate 

727 

0*91 

88 

Diethyl sebacate . 

80-3 

o-8i 

71 

Di butyl oxalate 

801 

0-87 

76 

Dibutyl malonate . 

78*1 

o-88 

79 

Dibutyl succinate . 

79*8 

0-84 

74 

Dibutyl adipate 

79'3 

o-8i 

72 

Dibutyl sebacate . 

76-8 

o-8i 

74 

Dimethyl phthalate 

1098 

0-76 

49 

Diethyl phthalate . 

986 

0-72 

51 

Di-n-propyl phthalate . 

933 

o *75 

56 

Di-tt-butyl phthalate 

90-6 

0-69 

53 

Di-isobutyl phthalate 

87-1 

0-77 

62 

Di-w-amyl phthalate 

85*0 

0*69 

57 

Dimethylglycol phthalate 

107-7 

0-65 

42 

Di-jS-chlorethyl phthalate 

116-2 

o-68 

4 i 


The adiabatic compressibilities of many liquids, including the diethyl esters 
of oxalic, malonic, succinic, adipic and phthalic acids, have been determined by 
a velocity of sound method. 84 The isothermal compressibilities obtained from 
these data are low compared with those from direct methods and have been 
disregarded. 

88 Glasstone, Physical Chemistry (Macmillan, 1946), 2nd ed., p. 479. 

84 Tyrer, Z . physih. Chem ., 1914, 87, 182. 

86 Gay, Ann. Chim. Phys., 1916, 6, 127. 

84 Parthasarathy, Proc. Indian Acad. Sci. A, 1935, 2 , 497; ibid., 1936, 3, 285. 
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Discussion 


The Reduction of Thermodynamic Quantities from Constant 
Pressure to Constant Volume. —The relation, at constant temperature, 
between the energy change on mixing at constant volume, A U v , and the 
heat of mixing at constant pressure, A H P , derived by purely thermodynamic 
means, 27 is given, for small volume changes, by 


A H v - A U 9 


AFT q 0 

*o 





( 9 ) 


where AF is the volume change on mixing at constant pressure, and 
V 0 the volume of the separated components. If oq and a 2 are the co¬ 
efficients of thermal expansion and k x and the coefficients of isothermal 
compressibility of the pure components, whose volume fractions in the 
mixture are v x and v 2 , then 


Kq — ~h ^2®2> K 0 : — ^1*1 “f" ^2*2* 

For practical purposes the compressibility of the mixture, k ~ * 0 . 

In the derivation of eqn. (3) the average co-ordination number of the 
molecules is assumed identical in the unmixed and in the mixed states. 
In a mixture in which there is a contraction due to a molecular rearrange¬ 
ment this average co-ordination number is slightly increased. In order 
to compare A H v for such a mixture with the theoretical value of A U v 
from eqn. (3) it is necessary to convert A H v not only to constant volume 
but to a state in which the number of nearest neighbour contacts between 
molecules is equal to the number of such contacts in the isolated com¬ 
ponents. The molecular rearrangement involves the tilling of holes 
in the component of larger molecules by molecules of the other com¬ 
ponent and is akin to condensation. Thus the energy change due to this 
rearrangement is equal to the energy of condensation of a volume of 
mixture equal to the geometrical contraction. Using eqn. (3) for the 
energy of mixing, the condensation energy of 1 ml. of mixture, L M , is 
given by 

l m = 

where L x =- — (Af 7 i va p./F°) etc. Since the energies of mixing are small, 
for all the mixtures considered in this investigation L M differs from the 
cohesive energy of the isolated components, (v l L l -f v 2 L 2 ), by less than 
1 % so that it is permissible to use this simpler expression as an 
approximation. 

Estimation of the Energies of Mixing at Constant Volume. —The 

volume change in the mixtures containing 1 : 3-butanediol diacctate 
(abbreviated as BDA) is due only to the intermolecular forces 18 and 
eqn. (9) may be used to obtain A IJ V . For the mixtures containing ethyl 
acetate there is a geometrical contribution to the volume change. This 
must be corrected for as a condensation in order to obtain energies of 
mixing for comparison with eqn. (3). In fact, it is found that, for the 
series of mixtures examined here, the difference between this method and 
the use of eqn. (9) for the total volume change is always less than 2 % of 
the total correction. This error is negligible with that in determining 
AF. The values of A H P have been corrected to A U v using the volume 
changes in Part I, Table I. The energies of mixing are included in the 
last columns of Tables I and II. The value of (d(ln #c 0 )/dT) obtained 
from the data of Tyrer for ethyl acetate and Gay for diethyl oxalate has 
been used for all the mixtures containing ethyl acetate. For the mixtures 
containing BDA (d(ln *)/dT) for pure diethyl oxalate has been used 
throughout. 

The heats of mixing have been measured for six mixtures at various 
27 Scatchard, Trans. Faraday Soc., 1937, 33 > I 7 I * 
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concentrations ; the corresponding volume change data have been dis¬ 
cussed in Part I. These values of A H P and AV have been plotted against 
mole fraction in Fig. 4 and 5 and 
from the curves the values at mole 
fraction intervals of 0*1 have been 
interpolated. Eqn. (9) has been used 
to obtain, from these, values of 
A U 9 , at mole fraction intervals of 
o-i, presented graphically in Fig. 6. 

The Regular Solution Approxi¬ 
mation. —The assumption of com¬ 
plete randomness of orientation and 
distribution of the molecules, which 
is fundamental to the regular solu¬ 
tion theory, is identifiable with the 
concentration dependent terms on 
the right-hand side of eqn. (3). 14 
The validity of this assumption 
can, therefore, be examined by com¬ 
paring the concentration dependence 
of A U v from eqn. (3) with the ex¬ 
perimental data. A test of this 
nature has been carried out by 
Ferry, Gee and Treloar 17 who found 
the form of eqn. (3) to be obeyed 
by a number of mixtures of non¬ 
polar components but departures 
were observed with polar substances. , 

In order to examine the data for volumu change on m,x,n « 

the six ester mixtures it is convenient to transform eqn. (3) to 



where 




[( 


1 

A f/lvap . ^ i ^ A U2 vap. ^ £J 2 


(10) 

(11) 


Since B v is a constant for each mixture, the left-hand side of (to) plotted 
against x\ should give a straight line from the origin intersecting the 
ordinate x\ — i at B v . In Fig. 7 energy of mixing data for these six 
mixtures are plotted against the mole fraction of acetate in this way. 
In every case a good linear relation is observed ; five of these lines extra¬ 
polate to the origin, the exception being BDA with diethyl oxalate. In 
these five cases the assumption of random mixing of the molecules is 
justified over the whole concentration range. Since BDA with dibutyl 
sebacate and ethyl acetate with di-w-amvl phthalate are the mixtures 
with the largest energies of mixing, they are the mixtures in which 
departure from randomness is most probable. It may be concluded, 
therefore, that the regular solution approximation is justified for the 
other mixtures provided no special orientating influences are present. 

The mixture of BDA with diethyl oxalate is exceptional in having a 
negative energy of mixing. This suggests that orientational forces play 
a part, and these must affect the randomness of the mixture. In this 
mixture there is a linear relation, as required by (10) for mole fractions 
of acetate greater than about 0-3. It appears that there is some molec¬ 
ular orientation in diethyl oxalate which has to be disrupted, involving 
an absorption of energy, and that this process of disorientation is complete 
when the mole fraction of BDA has reached 0*3, so that beyond this range 
the arrangement of the molecules in the mixture is effectively random, 
the energy of mixing being very small. Extrapolation of the linear part 
of the curve back to x x =. o gives, from the intercept on this ordinate, a 
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measure of the energy required for the complete disorientation of the pure 
diethyl oxalate. The reason for this orientation can be seen from the 
dipolar structure of diethyl oxalate : 

O 0“ 



The two electropositive carboxyl carbon atoms being directly attached 
to one another form a centre of electropositivity far more intense than 



Fig. 6. —Concentration dependence of Fig. 7. —Test of the regular solution 
energy of mixing. approximation. 

in other esters where the carboxyl carbon atoms are attached to alkyl 
groups over which the positive charge is largely distributed by means of 
an inductive mechanism. This centre of electropositivity in an oxalate 
tends to become associated with the negative carbonyl carbon atoms of 
neighbouring ester groups, a tendency which is opposed by the thermal 
motions of the molecules. 

A Quantitative Test of the Regular Solution Equation.—The value 
of B v for each mixture may be obtained from the observed values of 
A U t using eqn. (10). It may also be obtained from the cohesive energy 
densities in Table V using eqn. (11). The values from the former method, 
designated " B v obs.,” are compared in Table VI with those from the 
latter method, “ B v calc. (20°) ”, It is clear that there is no systematic 
correspondence between the two sets of values. 

The reliability of B v obs. depends upon the accuracy of A U 9 which 
is determined both by the accuracy of the AH* measurements and of the 
correction for the volume change on mixing. The uncertainty in AH* 
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causes an uncertainty in B v obs. of ± 0*02 or ± 2 % for values greater 
than 1. The volume change correction is largely governed by the first 
term on the right-hand side of eqn. (9) since this is always much larger 

TABLE VI.— Quantitative Test of the Regular Solution Equation 


Substance 


i : 3-Butanediol diacetate 
Diethyl oxalate 
Diethyl malonate . 
Diethyl succinate . 
Diethyl adipate 
Diethyl diethylmalonate . 
Diethyl sebacate 
Dibutyl oxala+e 
Dibutyl malonate . 
Dibutyl succinate . 
Dibutyl adipate 
Dibutyl sebacate 
Dimethyl phthalate 
Diethyl phthalate . 
Di-«-propyl phthalate 
Di-M-butyl phthalate 
Di-isobutyl phthalate 
Di-n-amyl phthalate 
Dimethylglycol phthalate 
Di-/ 3 -chlorethyl phthalate 


Mixed with Ethyl Acetate 


By( 20 ° C) 
calc. 

By obs. 

By (b.p.) 
calc. 

0*0 

o -8 

1*0 

o*4 

o-3 

O'l 

0*1 

o *9 

o-4 

O'l 

o*9 

o -8 

o-o 

o -8 

1*9 

0-2 

o*9 

3*2 

0*0 

1 '4 

3*9 

0*0 

°*4 

2*1 

o-o 

o -5 

2'7 

o-o 

o *9 

3-o 

"O'O 

i *4 

4 *° 

O'l 

2*3 

6*3 

2*3 

2*6 

O'l 

0-9 

1*9 

I'O 

0-5 

1-9 

2*1 

o *3 

1*9 

3*2 

O'l 

1*4 ! 

3*5 

O'l 

2*3 

4-6 

i -9 

4*i 

i-9 

3-2 

1*2 

1*0 


Mixed with 

1: 3-Butanediol Diacetate 


By ( 20 ° C) 
calc. 

By obs. 

By (b.p.) 
calc. 

0*2 

-o*3 

0*5 

O'l 

o-3 

O'l 

O'O 

O'l 

O'O 

O'O 

04 

0*2 

0-3 

i*3 

o *6 

O'O 

1*4 

I'O 

O'O 

0*2 

0*2 

O'l 

0*6 

0*4 

O'O 

I'O 

0-6 

O'O 

1*3 

I'O 

O'l 

2' 4 

2*3 

1'9 

o -8 

0*4 

0-7 

o-9 

O'O 

o-3 

I'O 

0*2 

0'2 

i *6 

0*6 

O'l 

1*3 

0'8 

O'O 

2*0 

1*4 

i -6 

i '8 

O'l 

2*8 

-0*5 

O'O 


than the second term. Thus the experimental error in the volume change 
determinations creates, in B v obs., an uncertainty of ± 0*03. The 
largest source of error is in 7 'a 0 /* 0l which depends upon the estimated 
values of (A(/ V »p. / F°) for the pure components. These cannot be less 
reliable than \ 10 % so that for each multiple of 0 0003 in the fractional 
volume change on mixing a further uncertainty of J_ o-oi is introduced 
into B v obs. Hence for the series of mixtures containing BDA, By obs. 
is accurate to 0*1, while for the ethyl acetate mixtures the reliability, 
on account of the larger volume changes, is nearer ± 0-2. The effect of 
the uncertainty in (At/ V ap./F°) upon B v calc. (20°) is more serious and 
difficult to estimate since the errors in the individual values of (AD V ap./F°) 
are not entirely random and will tend to cancel when B v is calculated. 
It seems clear that the differences between the values of (AUvup./ 
for the individual esters are generally too small to account for the observed 
energies of mixing on the basis of eqn. (3). 

It has been pointed out in a theoretical discussion 28 that when com¬ 
paring the properties of liquids they should be in corresponding states, 
as defined by van der Waals. Since the critical pressures of most sub¬ 
stances lie between 50 and 100 atm., the boiling point at atmospheric 
pressure is approximately a corresponding state. The fourth and seventh 
columns of Table VI, headed “ B v calc, (b.p.) ", have been calculated 
from the energies of evaporation at the boiling points and the molar 
volumes at 20° C (the number of molecules per mi. at the temperature of 
the mixture is required). For the BDA series of mixtures there is a fair 
agreement between B v obs. and B v calc. (b.p.). For the mixtures con¬ 
taining ethyl acetate the calculated values increase too rapidly with 

88 Pitzer, J. Chem. Physics, 1939, 7, 583. 
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ascent of the homologous series. B v calc, (b.p.) increases in each homo¬ 
logous series, in agreement with the experimental results, whereas the 
trend in B v calc. (20°) is the reverse of this. 

If the values of B v obs. are compared for corresponding mixtures 
containing ethyl acetate and BDA a good agreement is observed through¬ 
out the whole range. This agreement was expected since ethyl acetate 
and BDA contain the same chemical groups in the same proportion and 
their molecules are therefore characterized by similar force fields. The 
problem of mixtures containing polar molecules should more properly 
be treated by an extension of the theory of independent surface action ; *• 
this will be the subject of a subsequent communication. 

The Relation between Internal Energy and Volume Changes.—With 
the aid of certain assumptions Scatchard 27 has derived a relation between 
the change in internal energy and volume on mixing. Expressed in terms 
of the notation used here this is 

AV = k 0 AU, .(12) 

An important assumption is that the geometrical arrangement of the 
molecules is similar in the separated components and in the mixture. 
This assumption is approximately justified in the mixtures containing 
BDA, and eqn. (12) has been examined for these. The values of AV 
in ml./mole calculated from (12) using AU V from Table II are compared 
in Table VII with the observed values of AV (Part I, Table II). The 


TABLE VII. —Comparison of Theoretical and Observed Volume 
Changes for Mixtures containing 1 : 3-Butanediol Diacetate 


Substance 

*c 0 (Mbarye) 1 

AFThCOr ' (mole) 

AVObs - Use) 

Diethyl oxalate . 

75 Xio~® 

— 0*04 

— o-o 8 

Diethyl malonate 

75 

0*03 

— 0*02 

Diethyl succinate 

79 

0*02 

0*02 

Diethyl adipate . 

77 

0*06 

0*05 

Diethyl diethylmalonate 

82 

0*21 

0*04 

Diethyl sebacate . 

73 

0*21 

0*23 

Dibutyl oxalate . 

7 & 

0-03 

0*02 

Dibutyl malonate 

77 

0*09 

0*06 

Dibutyl succinate 

75 

OI5 

0*12 

Dibutyl adipate . 

74 

0*21 

0*23 

Dibutyl sebacate 

75 

o *43 

0*45 

Dimethyl phthalate 

62 

0*09 

— 0*20 

Diethyl phthalate 

63 

0*11 

0*02 

Di-w-propyl phthalate . 

66 

0*14 

0*12 

Di-w-butyl phthalate . 

64 

0*22 

0*23 

Di-isobutyl phthalate . 

69 

0*19 

0*19 

Di-ti-amyl phthalate 

66 

0*29 

0*26 

Dimethylglycol phthalate 

59 

0*22 

— 0*22 

Di-j8-chlorethyl phthalate 

58 

— 0*05 

— 0*27 


accuracy of the observed values is about ± 0*03 ml./mole. The mixtures 
containing dimethyl, diethyl, dimethylglycol and di-^-chlorethyl phthalates 
have been discussed in Part I, and the negative or low values of AV ex¬ 
plained in terms of the large cohesive energy density differences between 
these substances and BDA. There is a similar effect in the mixture of 
BDA with diethyl diethylmalonate; in this case BDA is the component 
of higher cohesive energy density. The standard deviation for the differ¬ 
ence between the observed and theoretical values of A V for the remaining 


*• Langmuir, Colloid Symp. Monogr., 1925, 3, 48. 
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fourteen mixtures in Table VII is 0*0234. Applying the /-test for 
significance it is found that / = 1*22. With thirteen degrees of freedom, 
a value of / less than 1*77 (P = 10 %) is definitely not statistically sig¬ 
nificant. The deviations for the five mixtures with large cohesive energy 
density differences are all highly significant. The assumption of mixing 
without change of arrangement is not justified for the mixtures containing 
ethyl acetate. For these mixtures AF is negative and A U v positive 
so that eqn. (12) cannot apply. 

From eqn. (10), 


Thus with (12), 


At/ - WM 

L1 '~'V - , I/O* 

x \ v X ' % 


AF 


K«B v x v V\x t Vf 
tiV] : l * 


( 13 ) 


When * 0 is almost independent of concentration, (13) becomes 


AV = kxxy\x % v\ 


(14) 


*xV\ + x t VX ' 

where k is a constant, and this is the form of the concentration dependence 
of AF found previously. 18 When this is not the case the departure of 
AF from the form of (14) should be appreciable. In the mixtures of 
BDA with diethyl oxalate and dibutyl sebacate the variation of k 0 with 
concentration is negligible, but with di-w-propyl phthalate it is consider¬ 
able. For this mixture, values of AF calculated from eqn. (12) using 
A U v at mole fraction intervals of 01 (Fig. 6), are compared, in Table VIII, 


TABLE VIII. —Comparison of Theoretical and Observed Volume 
Changes for Mixtures of i : 3-Butankdiol Diacetate with 
Di-w-propyl Phthalate 


Mole Fr. Acetate 

(Mbaryep 1 

AV Theor. ( l '~ ) 
Vmole/ 

AVObs. 

Vmole/ 

0*2 

59 Xlo- # 

j 

0*08 j 

0*08 

0*3 

61 

o* 11 

0*11 

0*4 

62 

0*12 

0*12 

°*5 

64 

013 

0*13 

o*6 

66 

013 

0*13 

°*7 

68 

0*13 

0*12 

o-8 

70 

0*10 

OIO 


with the observed values from Fig. 5 at the same concentrations. The 
very good agreement is closer than could be obtained from an equation 
of the form of (14). Thus the theory of volume changes suggested by 
Scatchard is in good agreement with experiment for mixtures where the 
necessary assumptions are acceptable. 

The author is grateful to the Managers of the Royal Institution for 
permission to use the Davy-Faraday Research Laboratory, where part 
of this work was carried out. He has pleasure in expressing his thanks 
to Prof. E. K. Rideal for advice and encouragement and also to Dr. R. F. 
Tuckett for many helpful suggestions when this investigation -was begun 
in the Department of Colloid Science, Cambridge University. 

The Davy-Faraday Research Laboratory, 

The Royal Institution 
London , W.i. 
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Ion Exchange. Theory and Application. Ed. F. C. Nachod. (Academic 
Press Inc., New York, 1949.) Pp. xii 4-411. Price $8.50, 

This is the first comprehensive monograph on ion exchange. It con¬ 
sists of 16 articles, dealing with diverse aspects of the subject, written 
by leading American specialists. The work as a whole admirably illus¬ 
trates the editor’s thesis that “ ion exchange now takes its place among 
the more common unit processes such as distillation, adsorption and 
filtration ". 

The articles are largely in the nature of reviews of published work, 
and range from the almost purely mathematical treatment of “ Kinetics 
of Fixed-Bed Ion Exchange ” by H. C. Thomas to descriptions of plant 
construction in M. E. Gil wood’s article on “ Ion Exchange Equipment 
Design.” The articles are not unnaturally tinged by the views of the 
individual authors and there is a good deal of overlap between them. 
Consequently the book lacks the unity of an authoritative textbook. 
The range of the articles is so wide, however, that no one person could 
have covered the subject adequately. In any case, few readers will wish 
to study more than a small selection of the aspects dealt with. 

The physico-chemical theory of ion exchange is fully reviewed in articles 
by H. F. Walton and W. C. Bauman. Taken together, these give a correct 
picture of the present state of the subject—namely, a great deal of frag¬ 
mentary, superficial information covers our fundamental ignorance. This 
is well illustrated, for example, by the variety of different semi-empincal 
approaches which have been used to treat cation-exchange equilibria. On 
the other hand, not a single equilibrium constant can be predicted from 
fundamental theory with any confidence. There is still much to be learned 
concerning the structure of exchangers, but the problem of calculating 
interionic energies in such systems presents more formidable difficulties 
and has not yet been touched. 

Ion exchange is best known, of course, from its application to water 
treatment. This topic is thoroughly described in the book under review, 
but it is very significant that about two-thirds of the book is devoted 
to existing or potential applications to other fields of chemistry. 

The following list of articles must suffice to give some idea of the wide 
range of applications which have already been found or suggested for 
ion exchange : separations of inorganic cations (J. Schubert) ; as a tool 
in analytical chemistry (W. Rieman III) ; metal concentration and 
recovery (S. Sussman and F. C. Nachod) ; catalytic applications (S. 
Sussman) ; biochemical and physiological studies (N. Applezweig) ; 
separation of amino acids (R. J. Block) ; sugar refining and by-product 
recovery (A. B. Mindler) ; recovery of alkaloids (N. Applezweig and F. C. 
Nachod) ; miscellaneous applications, classified under eleven heads 
(F. H. Lindsay and D. G. Braithwaite). 

Every chemist, whatever his “ brand ”, should dip into appropriate 
chapters of this book. The potentialities of ion exchange are not yet 
sufficiently appreciated in this country, and it is safe to predict that every 
reader will find something of real interest to his own line of work. 

1080 
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The defects of the book are few and minor. The statement on page 
175 that “ the affinity of a cation for the cation exchanger increases with 
increasing valence ” is too sweeping and is now out of date ; there is, 
in fact, a great overlap between ions of different valency groups. (In¬ 
cidentally, a prompt revision of this book will be essential if it is to keep 
pace with the progress of research.) There are not many typographical 
errors, but there are six places where the reader may learn that Adams 
and Holmes (1935) were pioneers in introducing synthetic resin exchangers. 
British readers may flinch at the unconscious " salesmanship " for ion 
exchange which has crept into one or two sections, and the industrialist 
may doubt the economic soundness of some of the reported applications. 
Similarly, the research man may regard a half-page picture devoted to a 
“ jackleg tank support ” (p. 82) or the chart on page 276 as slightly 
ridiculous, and a numerical table of capacities of anion exchangers which 
are characterized only by letters A, B, C, etc. (p. 135) as worthless. 

Such minor blemishes do not detract appreciably from the great use¬ 
fulness of the work. The production is excellent, but since few individuals 
will be prepared to pay $8.50 for the privilege of looking through the 
two or three chapters whieh concern them, this is clearly a book which 
should be added to every chemical departmental library at once. 

J. A. K. 


Les Spectres Moleculaires. (Le Centre National de la Recherche 
Scientifique, 13 Quai Anatole-France et 45 Rue d’Ulm, Paris, 1947.) 
Pp. 176. Price 150 fr. or iGs. (H. K. Lewis & Co. Ltd.) 

This is a collection of papers presented at the International Conference 
on Molecular Spectra held in Paris in May, 1947. The papers have 
previously appeared in various 1948 numbers of J. Physique and /. Chim. 
Phys. but are collected for convenience in this publication. The conference 
was the first important international conference of molecular spectro- 
scopists to be held in Europe since the war. It afforded the opportunity 
of reviewing progress and presenting work done in this field since 1940. 
Papers were given by many American and British as well as Continental 
scientists attending the meeting. 

The articles are classified into seven groups as follows : (1) Papers 
dealing with electronic band spectra, (2) The Raman effect in crystals, 
(3) Techniques and applications of infra-red and Raman spectra, (4) 
Molecular spectra and molecular energies—dissociation and excitation 
energies, potential functions, force constants, etc., (5) Raman effect and 
molecular structure, (6) Hydrogen bonding and related questions, (7) 
Reports on molecular spectroscopic research in the French zones of 
Germany and Austria. 

All the papers are by leading authorities and the volume shows how 
much important fundamental work it was possible to do under the 
difficult conditions of the war years and provides under one cover some 
record of that work. It is to be hoped that in view of the great scientific 
and industrial importance of spectroscopy that it may be possible to hold 
conferences of this nature more frequently in the future. 


W. C. P. 
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Advances in Catalysis and Related Subjects, Vol. I. Edited by 
W. G. Frankenburg, V. I. Komarewsky and E. K. Rideal. 
Editorial Board, P. H. Emmett and H. S. Taylor. (Academic 
Press, Inc., New York, 1948.) Pp. xiii + 321. Price, $7.80. 

The editors of this series have, in Vol, I, begun to close the gap be¬ 
tween the text-book presentation and the current themes of Catalysis. 
The book contains eight reviews by authors describing the state (in early 
1948) of their especial topics. Among techniques, P. H. Emmett pro¬ 
vides a critical account of specific area measurement by the now 
“ standard” Brunauer-Emmett-Teller procedure and by other gas 
absorption methods. M. H. Jcllinek and I. Fankuchen describe the 
application of X-ray diffraction to solid catalyst research with emphasis 
upon its use in particle size and phase analysis ; lattices with extensive 
defects are easily recognized by this method but the important “ micro ”- 
defect demands a subtler tool. 

Some catalysts of the petroleum and organic chemical industries 
are discussed by V. N. Ipatieli and L. Schmerling (“ Alkylation of Iso¬ 
paraffins ”), H. Pines (“ Isomerization of Alkanes ”) and H. H. Storch 
(“ The Fischer-Tropsch and Related Processes ”). The first two items 
outline the experimental bases of established processes catalyzed by strong 
acids and metal halides ; they illustrate the unity attainable through 
ionic mechanisms in suitable form. On the other hand the carbon mon¬ 
oxide-hydrogen reactions, although technically developed and chemically 
similar among themselves on Storch’s showing, contain a more elusive 
motif. 

R. H. Griffith, in an excellent statement of the geometric " factor ' 
in catalysis, is unable to establish its uniqueness, either as cause or adjunct 
of activity in the complicated catalysts of industrial processes ; the 
significance of the geometry as a factor cannot be doubted, but the 
contemporary tendency to imply that the part is the whole arises from 
the neglect of other correlations. The heterogeneity of the complex 
surface is well brought out by H. S. Taylor in some activated adsorption 
studies, which ought now to be compared with the work of Beeck, Ritchie 
and Wheeler (/. Colloid Sci., 1948, 3 , 505). By way of contrast, in 
“ The Catalytic Activation of Hydrogen ”, I). D. Eley is primarily con¬ 
cerned with simple, “clean”, metal surfaces but includes more intricate 
(even biological) systems. The power of the methods used in research 
on the reactions of ortho- and para-hydrogen or the hydrogen isotopes, 
and the weight of the results, are conveyed largely through the geometric 
approach taken by the original workers ; nevertheless the author is aware 
of the importance of the electron properties of the solid in catalytic activity. 

Without exception, the articles are illuminating, easy to read and 
well supplied with illustrations and references ; the book is pleasant in 
the hand and contains only a few minor misprints. The editors have 
certainly accomplished their purposes in Vol. I, and the proposed contents 
of Vol. II compel the liveliest interest. 


D. A. D. 
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Laboratory and Workshop Notes. Ed. Ruth Lang (for Institute of 
Physics), (Arnold and Co., 1949). Pp. v -f 272. Price 21s. 

The Laboratory and Workshop Notes of the J. Sci. Instr. are well 
known and widely read. The majority of readers, however, do not possess 
the complete series of this Journal, but for the price of 21s. they may at 
least possess a selected list of these Notes over the past 25 years. 

As the Editor emphasized, the book is not intended to cover a complete 
range of laboratory and workshop practice, but it is full of many simple, 
ingenious and elegant solutions of those practical problems which are 
constantly engaging the attention of experimentalists. To assist in guiding 
the reader there is a good index and the book is broadly classified into 
eight sections. 

Each of the 181 Notes has the appropriate reference to the original 
article in the Journal. The royalties from the sales will be placed to the 
credit of the Institute's Benevolent Fund, and subject to favourable 
reception of this volume a further volume of these Notes is contemplated. 
The book can be heartily recommended to experimental physical chemists. 

F. C. T. 


Techniques of Histo- and Cytochemistry. By David Glick. (London, 
Interscience Publishers, 1949.) Pp. 531. Price 48s. 

This book marks a milestone in science, the virtual coalescing of physics 
and chemistry with cytology. As Dr. Glick remarks in his preface: 
“ The day is past when our vision cannot penetrate beyond the archi¬ 
tecture of the cell. The wealth of knowledge that has been, or can still 
be gleaned by purely descriptive microscopic anatomy is not to be 
minimized, but under the new illuminations we begin to discern the 
chemical patterns in the cellular architecture." On the one hand the 
cytologist has been provided with a wealth of new methods which give 
precise information about the composition and physical state of cell 
structures ; on the other, the physicist and the chemist can come to 
grips with the actual participants of the extraordinary happenings in 
living cells. For the latter to continue to work on crude models of what 
might be considered to represent living matter is entirely unjustified. 
Their efforts might be better devoted to determining what are the actual 
components of living cells. Even then caution is necessary, for, as Prof. 
Bensley remarks in his foreword : “ The belief that in the complex colloidal 
matrix of protoplasm reactions occur as they do in more simplified systems 
in vitro is responsible for many mistakes." 

Dr. Glick’s book is a most useful reference book for all who are 
working on the chemical or physical anatomy of cells. It is remarkably 
comprehensive. Besides the micro-chemical and enzymological tests 
suitable for histological use, it describes most of the newer physical 
methods, such as visible, u.-v. and X-ray absorption spectroscopy, radio¬ 
autographs and electron micrographs. It is to be noted, however, that 
there is no reference to phase contrast microscopy. The Cartesian diver 
techniques on the micro-litre scale, developed by Linderstrom-Lang 
in the Carlsberg laboratory are described at some length and the book 
closes with a short account of the methods which have been recently 
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developed by Claude, Dounce, Bensley and others, of separating the 
particulate constituents of cells by differential centrifuging. 

As is now usually the case with U.S. publications, the price is too high, 
and is out of keeping with that of British books of similar size. It ought 
to be possible to sell a book of just over 500 pages for less than 48 shillings, 
notwithstanding the excellent production. The price in the United 
States is $8 and it is not evident why it should be increased 20 % (at 
the current rate of exchange) in crossing the Atlantic. It appears to 
the writer that the present methods of exchange of scientific books across 
the Atlantic are disadvantageous to us both ways. We import complete 
books for sale here at an enhanced price, but our books are usually 
bought by the U.S. in sheet form at what can only be described as bargain 
prices—namely, at 30-40 % of the published price, whatever they are 
sold at there. Q 

J. A. v* B. 



Theory of Dielectrics, Dielectric Constant, and Dielectric Loss. By 

H. Fkohlich (Oxford, at the Clarendon Press, 1949). Pp. viii -f 180. 

Price 18s. 

Since Debye in 1928 and Van Vleck in 1932 produced their monographs 
on the molecular theory of dielectrics there have been important advances 
which have not been adequately surveyed in any book. Onsager’s and 
Kirkwood’s treatment, of internal fields and of molecular interactions, 
Kauzmann’s application of Eyring’s theory of rate processes, and other 
developments have caused big changes in the non-quantuin part of the 
theoretical picture. The great accumulation of experimental material 
has brought to light some new phenomena for the theorists to treat. By 
undertaking the task of collation and systematization Prof. Fron^ch 
has put us in his debt, more especially because in doing it he has maS&j 
valuable original contributions. His treatment of the subject is broaa^ 
yet thorough and critical. There is only one omission worth noting : 
the theory of inhomogeneous dielectrics is of some practical importance, 
and a section devoted to it would be welcome. 

The author has written intentionally for applied scientists, a term 
which, in this context, includes chemists ; so it is pertinent to consider 
how far he succeeds in the difficult task of making the subject intelligible 
to those who do but lisp the language of matlxematical physics. For 
them the book is not easy reading. The mathematical manipulation is 
not very heavy, but the difficulty of grasping the concepts and of following 
the rather condensed physical arguments is considerable. The book 
is relatively brief; and the author has freely used the popular device of 
putting supposedly technical steps of the argument in appendices. The 
book would gain in clarity if, in the next edition, these latter (or some of 
them) were expanded and given as early chapters or brought into the 
main text. Nevertheless, it should be emphasized that, although it is 
hard going, this book holds the reader by its unmistakable quality. 

The book is up to the usual high standard of the Clarendon Press. 
There are a few misprints but these are very minor. 


L. E. S. 



DIFFUSION PHENOMENA IN GASES 


PART I.—THE THERMAL DIFFUSION OF OXYGEN— 
EXPERIMENTAL 


By E. Whalley, E. R. S. Winter and H. V. A. Briscoe 
Received i st April, 1949 

The thermal diffusion factor of oxygen gas has been determined at three 
temperatures. Tiie construction and operation of a thermal diffusion column 
designed to enrich 18 0 in oxygen gas is described and the results detailed. 


The theory of the thermal diffusion column, first used by Clusius and 
Dickel, 1 has been discussed in detail by Furry and Jones 2 who give refer¬ 
ences to all the important work on the subject up to 1946. The separ¬ 
ation achieved depends upon the dimensions of the column, upon the 
physical properties of the gas used and its pressure, and upon the tem¬ 
perature difference in the column. The effect of the dimensions of the 
column has been studied principally by Clusius and Dickel and the 
results are in good accord with theory. 2 A few workers have studied the 
effect of certain of the other variables, the most satisfactory examinations 
being those of Nier and Bardeen 8a * b of the separation of the carbon 
isotopes in methane, and Simon 3c of the separation of the argon isotopes. 
This paper and Part II report a similar investigation of the separation of 
the oxygen isotopes. Three investigations upon the separation of the 
oxygen isotopes by gaseous thermal diffusion 4 have been reported but 
no attempt has been made to test the theory experimentally ; it is of 
particular interest to do this since oxygen is one of the few light elements 
without a long-lived radioactive isotope suitable for tracer studies. 

The Determination of the Thermal Diffusion Factor of Oxygen Gas.— 
In order to compare the operation of a thermal diffusion column with 
the theory of Jones and Furry, it is necessary to know the values and 
temperature variations of certain physical properties of the gas. In the 
case of oxygen sufficient information for our purpose is available for all 
these properties except that of thermal diffusion ; we have therefore 
measured the thermal diffusion factor of oxygen at three temperatures 
and the results, which are presented below, will be discussed and used 
in Part II. The method used was that of Nier. 6 

If a temperature gradient is maintained in a gas of two components 
we have 

D It grad r, = - . grad T. (i) 

where c t is the concentration of one component (9 -f c, = i), T is the 
temperature, and D r is the coefficient of thermal diffusion, and D lt that 

1 Clusius and Dickel, Naturwiss., 1938, 26, 546 ; Z. physik. Chem., 1938# 
44 * 397. 

3 Jones and Furry, Rev. Mod. Physics, 1946, 18, 153. 

9 (a) Nier, Physic. Rev., 1940, 57, 30. (b) Bardeen, ibid., 1940, 57, 35. 

(c) Simon, ibid., 1946, 69, 596. 

4 Wells, ibid., 1941, 59, 679. Clusius, Dickel and Becker, Naturwiss., 1943, 
31, 210. Lauder, Trans. Faraday Soc., i947> 43 * 620. 

5 Nier, Physic. Rev., 1939, 56, 1009. 
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of ordinary diffusion in the gas mixture at the temperature T. We may 
also write 

-jr = h T = a c x c %t . . . . (2) 

jJii 

where k T is the thermal diffusion ratio and a is the thermal diffusion 
factor. If the temperature gradient is maintained between two bulbs 
of equal volume at temperatures T x and T 0 , connected by a relatively 
narrow tube, then if c\ is the concentration of the second component, 
at equilibrium, in the bulb at temperature T x we have 


a 



CiC t In (T x /T 0 ) 


( 3 ) 


where c x and c % are the initial concentrations. With isotopic mixtures 
the separation thus obtained will in general be very small after one 
operation : but if the two bulbs are isolated and that at T 0 then evacu¬ 
ated, the gas from the other allowed to fill both bulbs, and the system 
again allowed to come to equilibrium the concentration difference c\ — c % 
will be doubled. In general we have instead of (3), 


a = 


.—® -f 1 

(C\)n-C 9 T x _ 
nc x c z ’ln^/To) 


( 4 ) 


where (cj) n is the concentration in the one bulb after n operations. This 
equation is only approximate as it neglects the volume of gas in the con¬ 
necting tube and does not allow for the case when the volumes of the 
bulbs are not equal ; a more general expression is, for the case that the 
lower (cold) bulb is evacuated each time, 


(cj)n - c t ^ r V X T X + jV e T x T 0 IT -| 
nc x c 2 ln((T x /T 0 ) “L V X T X -f V 2 T 0 + V e T X T 0 /TJ 

where V x , V 2 are the volumes of the cold and hot bulbs respectively, 
and V c is the volume of the connecting tube; T is the mean temperature 
in the connecting tube, assuming a linear gradient. Eqn. (5) or its equi¬ 
valent, depending on the method of operation used, i.e. which bulb was 
evacuated,* has been employed in calculating the values for a given 
below. 


Experimental 

The procedure adopted was thus to set up the two-bulb apparatus with 
V x = 1085 ml., V 2 = 940 ml., and V e = 63*5 ml. The vertical connecting 
tube was about 22 cm. long, including the tap, and about 2*0 cm. diam. ; the 
tap was about 1*5 cm. bore. The upper bulb was surrounded by a furnace 
which was kept at T x ±5° throughout each run, the furnace being specially 
made and carefully checked for uniform temperature distribution inside ; the 
lower bulb was immersed in a well-lagged thermostat which was filled with 
water or solid C 0 2 , as required, and kept at T 0 ± 3 0 * The oxygen used was 
prepared by electrolysis from water containing about 1*3 % ls O ; it contained 
about 1 % of impurity, presumably nitrogen, giving mass 28 in the mass spectro¬ 
meter. The apparatus was filled with the oxygen to a pressure of about 70 cm. 
Hg and a sample taken of the initial gas : with the bulbs at T x and T 0 the system 
was allowed to reach equilibrium allowing at least five times the relaxation time 
for the system as given by Jones and Furry.* The tap connecting the two 
bulbs was closed and the gas in the lower bulb transferred by means of a Topler 
pump to a storage bulb ; the gas in the upper bulb was allowed to expand and 
fill both bulbs by opening the connecting tap and the system allowed to reach 
equilibrium again. This procedure was repeated a number of times and the 
small quantity of gas finally remaining in one bulb was recovered for analysis. 

* See footnote to Table I. * Jones and Furry, ref. 2, eqn. (38). 
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TABLE I 


Ron No. 

Temp. °K 

No. of 
Opera¬ 
tions 

Mass 32/Mass 34,, Ratio 

Ac x 10 4 

1 

«X jo* 


Initial 

Final 

j 


I * 

195-373 

6 { 

38-25 ±0-11 
3575 ±0-08 

39*oo ±0-02 
36-33 ±0-05 

4*7 ] 

4-2 



n * 

195-373 

6 { 

37*79 ±o-oi 
38-04 ±0-04 

38-58 ±0.03 
38-66^0-02 

5 *i 

4*2 


9-9 ±o-8 

n t 

195-373 

6 

36-82 ±0-04 

37*52 ±0-06 i 

4*9 J 



Hit 

295-528 

*{ 

37*50 ±0*02 
36-90 ±0-03 

38-61 ±0-02 
38-02 ±0-02 

7-4 \ 

7-5 / 

12-8 ±o-6 

IV * 

296-703 

s { 

37.47 ±0-03 
37-92 ±0-03 

38-70 ±0-03 
39*19 ±0-07 

8-a\ 

8 •*/ 

14-5 ±o-6 


* Analyses by A.E.R.E. Mass Spectrometer Division. 

t Analyses by us. 

Ac is the change in mass 34 concentration. 

Runs I, II and IV were performed by evacuating the cold bulb each time 
and taking the final sample from the cold bulb at the end of the 6th operation 
(5th in the case of run IV) ; run III was similar but the final sample was taken 
from the hot bulb. 

The results for three temperature ranges are given in detail in Table I. The 
analysis by mass spectrometer gives the ratio of mass 32 to mass 34 in the samples ; 
these ratios are quoted as arithmetic means of about 20 determinations with the 
error as standard deviation. Certain of these analyses were performed by the 
Mass Spectrometer Division A.E.R.E., Harwell ; this has been indicated. The 
remainder were analyzed in this Department. It is of interest to note that the 
two mass spectrometers give concordant results in run (2) where samples were 
analyzed both by us and by A.E.R.E. 

Analysis of Isotopic Mixtures. —In order to carry through the work re¬ 
ported here, it was necessary to construct and use a mass spectrometer for the 
isotope abundance analyses : this has been done by one of us (E. R. S. W.). 
The instrument is a Nier-type 6o° sector model, with a tube of resolving power 
no very similar to that described by Graham, Harkness and Thode, 7 and with 
electronic controlling and measuring circuits developed by these workers : 
the circuits have proved as good in performance as is claimed by Thode et a/.„ 
and to be quite free from trouble in operation. The machine has been briefly 
described elsewhere by one of us. 8 Fig. 1 shows a typical mass spectrum, for 
a sample containing 2-67 % ls O. 

The Thermal Diffusion Column .—At the commencement of this work no 
facilities were readily available for mass spectrometer analyses ; for this reason, 
and also to save time, it was necessary to proceed with the design and con¬ 
struction of the column without waiting for accurate knowledge of the thermal 
diffusion constant for oxygen gas. The design of a suitable cylindrical thermal 
diffusion column for any given purpose has been discussed in great detail by 
Jones and Furry,* but this paper was not published when we were designing 
our column, and our dimensions had to be based upon their earlier calculations 
for a planar column. We were not interested in getting the best overall thermal 
efficiency, but merely wished to erect a column which would yield oxygen con¬ 
taining some 15 % li O, and also to study the performance of the column. In 
practice it has been found that our column will produce a maximum of 21*9 % lf O, 
but the enrichment reached at a reasonable production rate is around 15 %. 
In making our preliminary calculations we deliberately underestimated a, and 
allowed for possible asymmetries in construction (which would reduce the 
maximum separation attainable), by writing K p — 0 5 K d (cf. Part II). It 
was as well that we did so since it appears that our column does contain some 
serious defect of this type (cf. Part II). 

7 Graham, Harkness and Thode, /. Set. Instr., 1947, 24, 119. 

•Winter, Analyst , 1948 (in press). 
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The column is of the concentric tube type (Fig. 2), and consists of a copper 
tube, } in. int. diam., $ in. wall thickness, 34 ft. (1060 cm.) long, made by butting 
together two shorter lengths with an external sleeve, care being taken to keep 
the inside smooth and symmetrical at the junction. This tube is surrounded 
by a water jacket made similarly from two lengths of 2 in. int. diam. copper 
tubing of -jfs in. wall thickness ; flanges were brazed to the inner tube near the 
ends and the water jacket brazed to these as shown. Two side-tubes near the 
top of the inner tube allow for sampling or for the passage of gas across the top 
of the column. The heating element is a brass tube of -jV in. ext. diam. and 
of length (when cool) about 34 ft. ; down the centre of this tube passes a wire 
of 19 gauge Nichrome, which is crimped and silver-soldered into a plug at the 
bottom of the brass tube ; the heating current passing down the wire (contact 
with the brass tube being prevented by ceramic bead spacers covering the whole 
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Fig. 1. 

length) and to earth through the column. The differential expansion of the 
wire and tube on heating is taken up by an insulated metal spring attached to 
the Nichrome wire as it emerges from the top of the column. The brass tube 
is constructed from pieces about 10 ft. in length, turned on a lathe to give ends 
fitting one inside the other, and brazed together and filed to give a uniform ext. 
diam. of in., this very inconvenient method of construction being necessary 
because of space restrictions at the bottom and top of the column, the first 
heating element having to be replaced after the column had been erected. 
Each joint was tested for vacuum tightness before making the next. The 
brass tube is kept central inside the copper tube by metal spacers, placed every 
3 ft., which were accurately made so as to allow just sufficient play for ready 
extension of the brass when heated. Metal spacers are used because thay 
can be machined more accurately than asbestos or ceramic spacers, which also 
were found unsuitable for prolonged use as they became brittle very quickly. 
The total heat transfer across all our spacers under the conditions of operation 
was calculated as about 30 W compared with a total consumption of some 2 kW ; 
this calculation gives the maximum possible transfer assuming perfect metal- 
metal contact throughout, which certainly does not occur. 

For convenience in dismantling, the ends of the gas space are closed by bolt¬ 
ing together reeced brass flanges with washers of silicone rubber; this silicone 
rubber stands up well to the temperatures involved and we found it much superior 
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to lead or leather, lead being too hard and inelastic and leather deteriorating 
rapidly with the heat. At the top the flanges are brazed to the brass tube near 
its end, and to the end of the copper tube, which projects some 2 in. from the 
water jacket, so that the brass tube hangs from this flange. Similarly, at the 
bottom the copper tube projects from the water jacket and has a flange at the 
end, but here the other flange is attached to a short length of copper tubing 
leading to a copper-glass seal and so to the manometer, sampling tubes, vacuum 
pumps and oxygen preparation train. When cold, the end of the heater tube 
is just above the copper-glass seal and a metal pointer screwed into the plug 


f 9 Gouge, Nichrome Wire . 
hexagonal bolts. 

Brass flanges . 

Silicone rubber gasket. 

^ Sic/e arms for gas sampling, etc. 
I-^ Cooling water out. 

^— —2*0.0. copper tube. 

I. D. copper tube. 

7ji 6 * 0. D. brass tube. 

Grub screws. 



cooling 
wafer in 




Short length of 

5 /s O.D. %*1.D. 
brass tube. 

Enlarged detail of spacer. 

\s Meta! spacers. 

Brass plug. 

Meta! pointer . 

Copper to glass seat 


To pumps, oxygen preparation 
-*■ filling line, and manometer. 


To sample tube 
assembly. 


Fig. 2. 


at the end gives an accurate indication of its expansion on heating, its move¬ 
ment being measured by means of a graduated glass scale fixed behind the glass 
tube ; this expansion is used to calculate the temperature of the brass tube. 
The power consumption of the column is about 3 kW and is measured by a 
voltmeter and ammeter : the cooling water rises 5 0 C in temperature in passing 
up the column when it is operated with the brass tube at about 420° C. 

The column was evacuated and made vacuum-tight : sample tubes were 
then attached top and bottom and the column outgassed by raising the tem¬ 
perature of the brass tube to 420° C and pumping with a two-stage mercury 
diffusion pump for 12 hr. Oxygen was prepared by heating a.r. potassium 
permanganate in vacuo and passing the gas through a drying train into the 
column. The column was filled with gas to the required pressure, with the 
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brass tube heated to 417 0 C, and samples taken from the top and bottom until 
equilibrium was reached. This procedure was repeated for a number of working 
pressures and the samples analyzed ; the detailed results are given in Table II. 


TABLE II 


p (atm.) 

Time (hr.) 

»o% 

Separation 
Factor q 

Top 

Bottom 

0-391 

17-5 

0-106 

0-386 

3-64 

0-391 

30-0 

0-066 

0-467 

703 

0-391 

78-2 

0-038 

0*500 

130 

0-391 

108*5 

0-038 

0-497 

130 

0-538 

43-5 

0-036 

0-65 

18-0 

0-538 

69-0 

0-023 

0-76 

33 *o 

0-538 

9 1 '5 

0-015 

0-79 

53 -o 

0-538 

1200 

0-015 

0-79 

33*0 

0-869 

7*25 

0-17 

044 

2-6 

0-869 

* 4-5 

0-074 

0-74 

10-0 

o-86q 

48-0 

0*022 

0-83 

37 7 

0-869 

7*7 

o-ot6 

— 

(~6o*o) 

0-869 

1200 

0-014 

0-84 

60-o 

1-41 

125 

0-084 

o *43 

5*12 

1-41 

24-0 

0-05 

0-49 

9*9 

i-41 1 

96-5 

0-05 

05* 

10*4 

I ’ 4 I 

1200 

0*05 

0*52 

10*4 

0*255 

1200 

0-096 

0*340 

3-54 

1-18 

1 

1200 

0-02 

0*71 

35-5 


Since normal oxygen was used in these studies the abundance of the ls O isotope 
was in many cases reduced to a rather low figure at the top of the column ; 
for this reason, in spite of great care in the analyses, it is considered that in 
general the values quoted for the separation factor may have an error of ± 5 % 

For producing a quantity of enriched oxygen, electrolytic oxygen from a 
cylinder was passed over heated palladized asbestos, through a drying train 
and across the top of the column by means of the tw T o side-arms fixed in the 
£ in. int. diam. copper tube ; the rate of flow was regulated by a needle valve 
and flowmeter to twice the speed calculated to be necessary to maintain effec¬ 
tively the normal ia O concentration at the top of the column. A small reservoir 
and a few sampling tubes were attached to the bottom of the column. The 
optimum working pressure (see Part II) is calculated to be 55 cm., giving a maxi¬ 
mum of some 21-9 % 0 1# O ; for convenience, up to the present, the column 
has been operated at atmospheric pressure, where the maximum possible con¬ 
centration is about 10*4 % 18 0 : a concentration of 8*7 % has been obtained 
but the run was curtailed by a failure of the power supply. 

We wish to express our gratitude to the Mechanical Engineering 
Department of this College for assistance in the construction of the 
thermal diffusion column, to Mr. R. L. Graham for advice upon the 
construction and operation of the mass spectrometer, and to Dr. E. R. 
Roberts of this Department and Mr. E. Vero and Dr. J. F. Martin of 
Messrs Genatosan Ltd. for the construction of various parts of the mass 
spectrometer. Also to the Mass Spectrometer Division, A.E.R.E. 
Harwell, for some of the analyses given in Table I, to the Department 
of Scientific and Industrial Research for a maintenance grant to one of 
us (E. W.) and to Imperial Chemical Industries Ltd., for financial 
assistance. 
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Imperial College, 
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PART II.—THE THERMAL DIFFUSION OF OXYGEN— 
THEORETICAL 


By E. Whalley (in part) and E. R. S. Winter 
Received i st April, 1949 

Experimental values for the thermal diffusion factor of oxygen gas agree 
well with those calculated using the 13/7 intermolecular force model. The 
performance of the thermal diffusion column described in Part I is in reasonable 
agreement with theory. It is shown that the performance of Lauder's thermal 
diffusion column is not in agreement with theory and it is concluded that the 
probable reasons for this are the presence of turbulence in the gas flow, and the 
inadequacy of the molecular model used by Furry and Jones in deriving the 
general theory of the thermal diffusion column. 


The Thermal Diffusion Constant of Oxygen. —It is well known that 
the thermal diffusion constant a of a gas varies with temperature ; in 
general a has a low, or negative, value at temperatures close to the boiling 
point of the gas and becomes greater as the temperature is increased, 
approaching at high temperatures the value calculated using the theory 
of Chapman and Enskog in which the gas molecules are assumed to be 
perfectly elastic smooth spheres. The custom has arisen of comparing 
the experimental value of a with that calculated for elastic spheres, a M , 
giving a ratio 

R T — aoba./a M . . . . (1) 

R t therefore increases with temperature and approaches unity, the highest 
recorded values being about 0*8. Our results for oxygen follow the normal 
trend in this respect (Table I) : the results are given in full in Part I. 


TABLE I 


T r °K* 

264 

389 

443 

Bobs. 

9*9 X xo" 3 

1-28 X IO~ 2 

1-45 X io“* 

a„ 

27 X IO“* 

2*7X JO“ 2 

2*7 X IO“* 

Rt <obs.) 

0-367 

0*482 

0*537 

«IS/» 

9*47 X IO- 3 

1-34 X 10- 2 

1-36 X io“* 


• T, is given by T r =• Y~+Tt ' (t^)* see ref '* 


The introduction of R T is useful in order to provide some basis for the 
comparison of experimental figures since theoretical calculations of a 
are difficult using any molecular model which is at all realistic ; calcula¬ 
tions have been performed using the Sutherland model, the inverse-power 
model and its special case, the Maxwell model (here a = o at all tem¬ 
peratures) and the Lennard-Jones 9/5 force model; none of these models 
is successful in predicting the value and temperature variation of a. 1 * 10 
It is known that the best procedure which could be made the basis of 

1 Jones and Furry, Rev. Mod . Physics, 1946, 18, 153. 
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such computations (without discussing refinements such as an expon¬ 
ential repulsion which make the labour involved prohibitively great) 
is to use the Lennard-Jones 13/7 model, which gives the interaction energy 
of two molecules separated by a distance r (from centre to centre) as 
E(r), where 

- E(r) = E(o){z(r 0 lr)* - KM 1 *}. . . ■ (2) 

In this equation, E(o) is the minimum value of £(r), which occurs at 
separation r 0 . This equation has been successfully used in a variety of 
calculations.* 

The evaluation of the Enskog and Chapman collision integrals for 
molecules which obey the above law has recently been reported by 
Hirschfelder et al .,* so that it is possible to test this model. Using Hirsch- 
felder’s tables and the general equations of Chapman and Cowling,* a 
variety of experimental data upon thermal diffusion and diffusion in 
gases has been compared with theory by one of us and this will be dealt 
with in a later paper in this series. We quote here the results of the 
calculations for oxygen and compare them with the experimental figures, 
full details of which are given in Part I. 

The agreement between the first and last lines is remarkably good 
—much better than has previously been obtained in such calculations 
using other models. We must, however, state that the results with 
other gases do not in general show such good concordance when a wider 
range of temperature is considered ; even so the agreement is impressive. 
It is to be noted that the above results and calculations refer to the 
separation of the molecules of mass 34 ( 18 0 l8 0) from those of mass 32 
( ,# 0 2 ) ; under the conditions used changes in the concentration of the 
mass 33 species ( 17 0 lf O) or in the mass 36 ( 18 0*) are not determinable 
with sufficient accuracy to merit consideration. 

The Performance of the Thermal Diffusion Column.* —Theory pre¬ 
dicts 1 that the equilibrium separation factors q e obtained with a thermal 
diffusion column should vary with the operating pressure according to 
the expression : 


In q t = 


ap ~ 8 

1 -f bp-**' 


( 3 ) 


Our results (Table II, Part I) satisfy this relationship, as is seen by Fig. 1. 
By the method of least squares, the best straight line through the experi¬ 
mental points gives us 


a/b = 18-3 ; a — 5*0.(4) 


Similar agreement with theory has been reported by a number of workers. 1 

Since we have determined a for the mean temperature at which the 
column was operated we may enquire more closely into the agreement of 
theory and experiment. Using the notation of Furry and Jones, 1 eqn. 
(3) becomes 


In q t = 2 AL = 


HL 

K c + K d + k; 


( 5 ) 


where A , H, K t and K 4 are functions which have been given by Furry 
and Jones, 1 and K v is a term introduced to allow for parasitic remixing 
effects due to asymmetries in the column geometry—in particular, to lack 
of perfect centring of the heated tube inside the gas space. K 9 , of course, 
cannot be calculated. Using the equations of Jones and Furry, correcting 


* See Fowler and Guggenheim, Statistical Thermodynamics , (C.U.P.), Ch. 
7 and 8. 

8 Hirschfelder, Bird and Spotz, J. Chem. Physics, 1948, 16, 968. 

4 Chapman and Cowling, The Mathematic Theory of Non-uniform Gases (C.U.P., 
1939 ). 

* With E. Whalley. 
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as indicated by them for the cylindricity of the column and employing 
our experimental value of a, we calculate 

H = 2-86 x io -5 p % g. sec. -1 , 

K t = 2*44 x io~ 3 p K g. cm. sec.~ l , 

K 4 = i* 18 x xo~ 3 g. cm. sec.”* 1 , . . (6) 

with p in atmospheres. 

Eqn. (5) and (6) give us, neglecting K p , 


In q. 


121 4 P~* 

I -f" 0*484 P~ 4 


( 7 ) 


from which the calculated ratio a lb (eqn. (3) and (4)) is 25*6, in only moder¬ 
ate agreement with the observed value of 18*3. Better agreement than 
this has been obtained in the case of methane. 6 In assessing the sig¬ 
nificance of this discrepancy, it is necessary to bear in mind that the 



calculations of the functions H, K e and K d by Furry and Jones are only 
for the cases that the viscosity, thermal conductivity, and self-diffusion 
coefficients of the gas have the temperature dependence of Maxwellian 
molecules, i.e. 

yj OC T ; A OC T and D n oc T* . . . (8) 


and that a is either independent of T, or varies directly as T. In arriving 
at eqn. (6) we used the results for a proportional to T, which is clearly 
the best approximation of the two in our case, but since the relationships 
of eqn. (8) do not hold for oxygen, the values of eqn. (6) cannot be correct. 
The error involved is difficult to assess without carrying through some 
lengthy numerical integrations, and since in addition our value of a is 
probably correct only to ± 5 % it seems best, for further comparison, 
to arrange the experimental equation so that the discrepancies between 
the calculated and the observed coefficients of p~ % and p~* are approxim¬ 
ately equal. This yields 


to-8 p~ % 

n q * ~~ 57/>“ 4 


( 9 ) 


from which it appears that in our column K 9 = 1*09 K e . This is a high 
value for K 9 ; Nier 6 found a value of 0*283 K e 1 for his 20 ft. concentric 


*Nier, Physic . Rev. % 1940, 57, 30. 


38 * 
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cylinder column using methane. This large value is probably reason¬ 
able in view of the sectional nature of the construction of our column and 
it is clearly desirable to work in shorter units—say 12 to 15 ft. in length 
—using only single lengths of tubing throughout. 

By differentiating eqn. (9) with respect to pressure and equating the 
result to zero, we may derive the operating pressure for maximum 
separation P 0 pt.» and also this maximum separation by substitut¬ 

ing P 0 pt. in eqn. (9) : 

Popt. = 0-723 atm. ; = 14°- 

Thus at this working pressure the column will produce a maximum of 
2i*9 % ls O from normal oxygen, and operated at atmospheric pressure 
about io*4 % 18 U : both cases the figures quoted are for no rate of 

production; if enriched material is continually removed from the heavy 
end the enrichment achieved will be less than the possible maximum. 

Rate of Approach to Equilibrium. 18 —The approach to equilibrium for 
a column operating with both ends closed, i.e. with no reservoirs, is theoret¬ 
ically exponential and characterized by a relaxation time t rt l 


t r = 


2 ft 


AH 


(' - Jr.) 


(10) 


where p — the mass of gas in 1 cm. of the column, L is the length of the 
column in cm., and A and H have been defined above ; t r is the time 
required for the column to attain (1 — i/e) of its equilibrium separation : 
eqn. (10) holds for AL < 2. 

We have seen above that the calculated values of H, K e and K d are 
not likely to be accurate ; also the experimental equation (9) will only 
give us the ratio H jK d and not the absolute value of either. The value 
for II obtained by substituting (A’ d ) C aic. into eqn (9) is 2*01 x io~ 6 p 2 
g. sec. -1 : since we have no means of deciding between this figure and 
that given in eqn. (6) it seems best in what follows to use the mean, i.e. 
H ~ 2*43 x io~ 6 p 2 g. sec. -1 , retaining of course, the experimental 
expression for A . The use of either of the other two values for H does 
not alter the general course of the discussion below. 


TABLE II 


p (atm.) 

l 

l 

q 

*<? ! 

b 1 /<*)?„ 1 

h (hr.) 

Expt. 

Theor. 

0391 

13 

8-4 

34 

16*2 

0538 

53 

34 

70 

15*1 

0-869 

60 

39 

48 

9-7 

I 41 

10-4 

1 

6-7 

14-2 

4*2 


Examination of our results (Table II) shows that the rate of approach 
to equilibrium does not accord with theory, and a plot shows that it is 
in the initial stages that the separation is much slower than would be 
expected. The difference is partly due to the dead space at top and bottom 
of the column, amounting in all, including the sample tubes, to some 
100 ml., most of which volume is at the bottom. The presence of this 
dead space means that much more heavy isotope than is considered 
in the theory of the column has to be transported to the bottom. Cal¬ 
culation of the error involved is difficult, but qualitatively it is evident 
that this volume will cause the relaxation (and effective equilibrium) 

* With E. Whalley. 
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time to be greater in practice than in theory. Our form of spacers will 
impose some restriction on the gas flow, and this also will increase the 
equilibrium time. 

If the concentration of heavy isotope at the top of the column is 
kept at 0*2 % by continual replenishment, i.e. by circulating normal 
oxygen gas across the top, the rate of approach to equilibrium, with no 
reservoir at the bottom, is governed (when AL > 0*5) by a relaxation 
time 1 t r , 

Thus, operated at 1 atm. the relaxation time would be 400 hr., and oper¬ 
ated at the optimum pressure (0-723 atm.) it would be 1030 hr. Continuous 
runs of this duration have not up to the present been possible owing to 
interruptions of the power supply, but results so far obtained indicate 
that here also the rate of approach to equilibrium is somewhat slower 
than theory predicts. 

Some Comments upon the Operation of Thermal Diffusion Columns. 

—We wish now to comment upon a recent paper by Lauder* in which 
a study w-as made of the separation of the oxygen isotopes by thermal 
diffusion, and also upon some calculations by Davies 7 dealing with Lauder's 
experimental data. 

The column used was of the hot-wire type in which the heated surface 
was a Nichrome wire at noo c K ; it is possible that at this temperature 
the catalytic exchange reaction 

2 1*0 - 180 2 + i«O s 

may become fast enough to effect appreciably the observed separation ; * 
production of molecules of mass 36 in place of molecules of mass 34 would 
increase the 18 0 concentration at the bottom of the column above that 
calculated below. 

Using again the equations and tabulations of Jones and Furry-, with 
the gas constants evaluated at 293 0 lv (since in this case the greater 
part of the gas will be at room temperature *) and employing our experi¬ 
mental value of a (Table I) we obtain H ~ 2-07 p ' 1 x io~ 6 g. sec." 1 ; 
K 4 =- 8-59 x 10" 4 g. cm. sec." 1 ; K t — 3-33 p* x io~* g. cm. sec. -1 ; 

and In q 0 = 2 AL = —. . . (12) 

1 + 0-257 P~ A 

Eqn. (12) has been calculated for the separation of molecules of mass 34 
from those of mass 32. This gives us a value of q t = 4-37 at 31-25 cm. 
pressure which is in very fair agreement w-ith Lauder's figure of 5. This 
calculation has been performed by Davies, using an estimated value of a, 
with results essentially the same as ours : Davies concluded that because 
of the agreement between theory and experiment at 31-25 cm. pressure 
the column used by Lauder was without parasitic currents. The argu¬ 
ment upon which this conclusion is based is wrong and Davies has not 
considered properly the full consequences of eqn. (12). As already noted 
the calculations ignore the possibility of catalytic formation of 1S 0 2 
molecules : this reaction almost certainly occurs at the temperature of 
the wire in the presence of oxides,* as is stated by Lauder, and could, if 
efficient, have the effect of increasing H to about 4-1 p* x io~* g. sec." 1 , 
i.e. twice that for molecules of mass 34. That H is in fact greater than 
2*07 p* x io"* g. per sec. is evidenced by the mean daily transport rate 

• Lauder, Trans. Faraday Soc., 1947, 43, 620. 

1 Davies, ibid., 1949, 45, 145. 

• E. R. S. Winter, unpublished results on the interaction of l *0 lf O gas with 
various oxides; rapid exchange of oxygen occurs with many oxides at tem¬ 
peratures in the range 350-600° C. 
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of 0*56 ml. n.t.p. per day of pure 1S 0 found by Lauder when running 
his four columns concurrently. Due to hold-up in the connecting tubing, 
slight inaccuracies in the matching of the columns, etc., this figure is 
probably considerably less than the practical maximum for any one 
column but the mean rate calculated from the theoretical values of H 
at the various pressures used by Lauder amounts to 0-48 ml. n.t.p, per 
day over the 24 weeks’ operation ; the observed transport rate should 
certainly be no more than this if molecules of mass 34 only are involved. 
A much more serious reason for rejecting Davies' arguments is that 
eqn. (12) predicts a maximum separation of 11*4 at a pressure of 54 cm. 

(the optimum pressure is obtained by putting = o, and the 

op 

maximum separation by substituting this value of p in eqn. (12)). 
Examination of Lauder's results, and in particular his Fig. 2, shows that 
this is impossible : it follows that eqn. (12) does not describe the per¬ 
formance of the column in any important respect (except the general 
nature of the dependence of q e upon pressure) and that the presence or 
otherwise of parasitic remixing currents in the apparatus is not deter¬ 
minable with the data given. It would be most surprising if no such effect 
were present. 

Lauder’s method of finding the optimum operating pressure is not 
good. He determined the separation at various pressures after 24 hr. 
operation and decided that the pressure which gave the highest separation 
in that time was the correct optimum pressure. Lauder states that this 
is liable to give a result which is slightly too high, but in fact the error 
may be considerable : the only safe way to find the optimum pressure is 
to do as we have done, and measure the equilibrium separation at a number 
of pressures and proceed as above. Lauder used a single column with 
a 10 1. reservoir of oxygen at the light end ; the concentration of 18 0 
in this reservoir did not change much after 3 days (to 0*18 %) so that the 
change in 24 hr. may be neglected to a first approximation ; under these 
conditions we may regard the case as equivalent to operation with an 
infinite reservoir at one end. That being so, the separation is governed 
by a relaxation time given by eqn. (11) so long as lAL > 1*0 : it is of 
interest to examine in detail what error may then be involved in using 
the separation after 24 hr., q zl , to determine p 0 P t. Table III gives the 
results of calculations to this end, using for purposes of illustration eqn. (12). 

TABLE III 


p (atm.) 

2 AL 


1 , (hr.) 

931 

0-25 

0*72 

2*07 

16*5 

1*55 

0*368 

1*22 

3-38 

22*0 

2*20 

0*411 

1*47 

4 ‘ 3 2 

26*7 

2*55 

0*447 

1*66 

5*29 

3I* 1 

2 *8 o 

o *553 

2*15 

8*63 

40-5 

3*88 

0*632 

2*37 

10*7 

43-8 

4*60 

0*711 

2*43 

n *4 

40*6 

5*13 

0*790 

2*39 

10*9 

35 *i 

5*34 

o*868 

2*25 

9*56 

28*4 

5*35 

o *947 | 

2*09 

8*05 

22*0 

5 * 3 i 

1*00 

1*96 

7*13 

18-7 

5*o6 


It is seen that by considering only q 2i the value of p 0 p t. will be pre¬ 
dicted as 0*868 atm. (q 4 = 9*56) compared with the true value of 0*711 
atm. ( q, = 11*4) so that a serious loss of efficiency would in this case be 
involved. The error involved in practice depends, of course, upon the 
values of the numerical factors in the practical equation which is the 
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analogue of the theoretical eqn. (12) and the error may well be increased 
by the presence of an appreciable dead volume at the heavy end. 

Attempts have been made by calculations similar to these to find 
an expression for q t of the form of eqn. (12) which fits Lauder's results 
for 0*4. but this is not possible even allowing for possible changes in H 
(i.e. replacing H by values up to 2 H as discussed above) and for the presence 
of a K v term of any reasonable magnitude, without departing consider¬ 
ably from the calculated values of K t and K d , These two coefficients 
should not be greatly changed by the formation of a small concentration 
of 18 O a molecules near the hot wire.* In all cases the plot of q i4 against 
pressure gives a much broader maximum than that obtained by Lauder : 
these discrepancies are curious and merit further consideration and in¬ 
vestigation. It may be that because of the greater temperature differ¬ 
ence in the hot wire column the deficiencies in the theory are magnified 
sufficiently to produce serious errors in the final expression : these de¬ 
ficiencies are likely to be chiefly due to the inadequate molecular force 
model used by Furry and Jones. Another likely source of trouble is 
turbulent gas flow in the column : turbulence should not occur until 1 

fif > 25 .( 13 ) 

while from eqn. (12) we find that the calculated value of KJK d is 4, 
so that turbulence should be absent. However, Lauder reports that he 
used spacers in the form of crosses of mica cemented upon porcelain 
beads, and spaced every 3 in. along the wire. Whatever the design of 
these spacers (a drawing is not given) such a close array will certainly 
impose severe restrictions upon the gas flow and probably upset the 
normal working of the column. The chance of turbulence occurring 
will increase very rapidly with pressure and this may well be the cause 
of the rapid falling-ofl of the separation above 31*25 cm. Hg. An 
investigation of the performance of a similar column with reference to 
the design and number of spacers would be interesting. 

• Brown, Physic. Rev., 1940, 58, 661. 

10 Stier, ibid., 1942, 62, 548. 

* It may be noted however that Simon 11 found it necessary to introduce 
semi-empirical correction factors of considerable magnitude in order to obtain 
reasonable agreement with theory in the case of his hot-wire column used in 
separating argon isotopes. Sucli procedures cannot be attempted here owing 
to lack of experimental data. 

11 Simon, ibid., 1946, 69, 596. 
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KINETICS OF OPEN REACTION SYSTEMS 

CHAINS OF SIMPLE AUTOCATALYTIC REACTIONS 
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An open reaction system is considered, which consists of a chain of successive 
autocatalytic reactions. The precursor to the chain is supposed to enter the 
system by a rapid first-order process, so as to remain almost constant, and all 
the reactants to leave by similar but much slower processes. It is found that 
if a non-zero steady state exists, the concentrations do not settle down to their 
steady-state values but instead oscillate about them, with a slight degree of 
damping depending on how far from constant is the concentration of precursor. 
If the reactants leave the system too rapidly for a completely non-zero steady 
state to exist, the later reactants may vanish, leaving a shorter chain with 
oscillating concentrations. 

In the special case when there is no first-order removal of intermediate 
reactants, and the number of autocatalytic reactions is odd, conditions may be 
chosen so that alternate reactants (beginning with the second after the pre¬ 
cursor) show damped oscillations with lengthening period about fixed values, 
while the other reactants vanish from the system. 


In a previous report 1 * * a general discussion was given on the concentra¬ 
tion changes occurring in open reaction systems, i.e. those systems in 
which there is continuous supply and removal of the reactants. It was 
shown that in an open system of first-order reactions, there is always an 
upper limit to the number of maxima and minima that can occur in the 
concentration of a given species as a function of time, that is, the possi¬ 
bility of true oscillation is ruled out. On the other hand, Lotka * has 
developed differential equations for a rather idealized system of two 
autocatalytic reactions, which give undamped oscillations in the con¬ 
centrations of both autocatalysts. More recently, Frank-Kaminetzky a 
and Walsh 4 have used very similar equations in treating the mechanism 
of two-stage ignition, where something resembling undamped oscillation 
is seen in fact. 

The system of Lotka is as follows : 


where 


S 0 -> Sj-> S 2 -> , 

(a) Concentration of S 0 is constant. 

(b) Reaction S 0 - > S x is catalyzed by S x . 

(c) Reaction S x -► S 2 is catalyzed by S 2 . 

(d) Reaction removing S 2 from the system is first order. 


Lotka showed that this system produced true oscillations in the 
concentrations of S x and S 2 , about a fixed centre and with a fixed period, 
the amplitude depending on the initial conditions. The oscillations are 
not harmonic, as both concentrations move further from the central posi¬ 
tion when above this value than when below it. 

An attempt is made here to extend Lotka's case to a series of any 
number of autocatalytic reactions. Lotka's rather artificial condition 


1 Denbigh, Hicks (Moore), Page, Trans. Faraday Soc., 1948, 44, 479. 

a Lotka, /. Amer. Chem. Soc., 1920, 42, 1595. 

* Frank-Kaminetzky, /. Physic. Chem. (U.S.S.R.), 1940, 14, 1. 

4 Walsh, Trans. Faraday Soc., 1947* 43, 305. 
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—that the concentration of the precursor (called S 0 by him) is constant 
—has been modified to the more natural condition that the precursor 
enters the system by a first-order transfer process, as for example by dif¬ 
fusion, and allowance is also made for the other reactants to be removed 
from the system—perhaps also by diffusion. 

Notation 

W, precursor, 

A l# A, . . . A„, autocatalysts, 
w, a it concentrations of W, A y , 
w t d jt steady state (or central) values of w, a it 
w 0 , #oj> initial values of w, a { , 

k 0 , reaction constant of the autocatalytic reaction W-►A 1 , 

Ay, ,, ,, ,, autocatalytic reaction A,->*Ay +1 , 

A n , ,, „ ,, first-order reaction A n - > , 

r 0 , r jt rate of exit of W, Ay per unit quantity in the system, 
r Q w°, rate of entry of W per unit volume of the system, 

so that r 0 (w° — w) is the net rate of entry of W per unit volume. 

Here r, w° are constants whose meaning depends on the method by which 
W enters and W, leave the system. If it is by mass transfer, all the r’s are 
alike equal to the flow-rate divided by the volume of the system, while w° is 
the concentration of W in the inflow. If it is by diffusion to and from an ex¬ 
ternal solution, w° is the concentration of W in the external solution, and the 
several r's depend on the rate constants of diffusion of the various reactants 
as well as the area and nature of the walls of the vessel and the volume of the 
system. Alternatively, W may enter and leave the system by some other 
mechanism which gives a net rate of entry r 0 (w° — w ), while Ay may be removed 
only by reaction to A i+1 , so that r x — r 2 ----- . . . ~ r n — o. 

Throughout the paper, j represents any integer and im any even integer 
between 1 and «. 


The System to be Considered 


r 0 A 0 k x A 2 

- + w- > A x -> A 2 -* 



A» 



The differential equations defining the change of the various con¬ 
centrations of tlie system with time are given below (1)). In certain 
parts of the paper, two simplifying assumptions are made : firstly (Lotka's 
assumption) that the rate of entry of W is such that w remains constant; 
secondly, that the intermediate reactants are not removed from the system, 
i.e. r x «= . . . ~ — o, in which case, for convenience, the removal rate 

of A„ is incorporated in its first-order reaction rate A„, and r n is also taken 
as zero. 


dw/dt =- r Q (w° — w) — k 0 wa Xt (o)' 

d d x /dt ~ A 0 wa x — k x a x d2 r t a v (i) 

da 2 /d/ — k x d x a t — k 2 a 3 a 9 — r t a 2 , (ii) > 

dd n jdt — k n~\d n —iU n k n d n (w) - 


(D) 


I. Solution for a Modified Sytstem in which w is Constant 


*1. 


For this system, (D, o) does not apply, but instead 

dw/dt = o . . . . (o)^ 

Let K be the fixed value of k 0 w. 

Then (D, i) becomes > 

da x /dt = Ka x — k x a x a 2 — r x a x . . (i) 

Eqn. (ii) to (n) of (D) are unchanged. - 


(M) 


It is proposed first to decide under what conditions a set of values 
etc. of the concentrations, each greater than zero, can be found 
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which will make the whole system invariant with time; such a set of 
values is termed a “ non-zero steady state The solution of (M) for 
these cases, when the concentrations are not initially at the steady-state 
values, will then be discussed ; this gives the way in which the system 
ordinarily evolves with time. Finally, the cases where the concentrations 
can only remain stationary if some at least are zero, will be considered. 

A. Steady-State Values of the Concentrations. — For n even. The 
non-zero steady-state values are obtained by equating to zero in succession, 

i d a x i da 3 i da*^ 

dt ' a t dt * a n _ x dt * 


to give a 2 = (K — and so on, up to 

in 

d n = ^Kk 2 & 4 . . . k n _ 2 3 • • • h 2 m- 2 m * • ♦ ^w-2^ • • • ^*-j 


and then equating to zero. 

i _l_ da «-i 

a. dt' d/ ’ 


i da, 

a, d 7 ’ t0g,Ve 


^n— 1 — (^n *f 1» 


in 

-f- ' * ' ^2«- 2 y 2m^*m4 l • * • * * • ^"-1* 

1 tn = 1 ** 


The existence of a non-zero steady state evidently depends on the value 
given for d n above being positive, i.e. 


Kk % k 4 


in 

^n- 2 > 2^1 


^ 2m- z r 2m-ik 


2 m 


. *. 


This condition implies in general that the rates of removal of the different 
reactants f shall be small compared with K. 

For n odd, the procedure is modified slightly. 

Writing — = o for even values of j gives 

cij dt 

MjL = Mj 4 - 

k 2 d 3 ~ h -{■* ^ 4 , 

k n - 2 a n - 2 = &„_i4- 

These are ~(n— i) equations in -~(w + i) unknowns, and are therefore 

indeterminate ; but for a given value of all the other odd-numbered 
steady-state concentrations may be found, provided that 

**Jl kk k r 

z ^ X **** * * • H tm - 2'2m 

ai> Z.—Tt-1-• 

1 «i «3 * • • «2m-i 

If f 2 = Y k o, the of odd-numbered steady-state con¬ 

centrations may be found from (2). 

Writing - = o for odd values of j gives 

(if dt 

K = M2 -f r lt 

k 2 a 2 — -f* ?3t 

== “f- J 
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These are ~(n 4* i) equations in ~(n — i) unknowns, and are therefore 
incompatible unless 
Kkfk^ m • , k n ^. 1 — kyh^k | . . • k n 
hn+ 1 ) 

== 5]^ 1 ^ 8 * ' * ^ im~ z r 2m-1^ lirft *m+ * • • • * ( 4 ) 

1 

which equation is obtained by eliminating the a t from (3). Thus, unless 
(4) obtains, there can be no completely non-zero steady state. 

If (4) does obtain, the values of the even-numbered steady-state 
concentrations may be obtained from (3) and, as explained above, the 
odd-numbered ones in terms of a x from (2). There is evidently no unique 
steady state for the system as defined only by the original equations, 
(M), but the initial conditions will have to be taken into account, contrary 
to what has been found for most similar systems. (See Burton 6 ; also 
Denbigh et a/. 1 ) 

B. Approximate Solution for Cases where a Non-Zero Steady State 
Exists.— Returning now to the original differential equations (M) (without 
equating da,/d/ to zero), let us suppose that all the concentrations are 
very near their steady-state values d t (where if n is odd, d it a z etc. 
represent some convenient set of values satisfying (2)). 

Let a t — d, 4 <x f so that a f is small. 

(M) now become 

dotj/d/ = daj/d t ss (a A -f aj)(/i — k l a 1 — r x — kiCL 2 ) " — 4 a,)&,a 2 , 

da*/d/ — da 2 /df 

“ ~ M 3 ~ *Vr*ia, — = (a 2 -f a^^a, - & 2 a 3 ), 

da 3 /d/ — da 3 /d/ 

~(a 3 -j- a 3 )(k 2 d 2 — k 3 d i - r 3 4 /? 2 a 2 -/e 3 a 4 ) — (a a 4 a 3 )(^ 2 a 2 —^ 3 a«), 


da„/df =. da n /d* 

= («n 4 a n){kn~lfin-l ~ k r, “ * « + k n-l*«-l) — («n+ 


To the first order of small quantities, these give 

daj/df “ — ^!a,a 2 , 
d a 2 Idt = — ft 2 a 3 , 

da 3 /d/ — k 2 d z 0 L 2 — £ 3 0 3 a 4 , > 

da B /d/ = /f„„ 1 5 n a w _ 1 . 


( 5 ) 


The solution of eqn. (5) gives every a f as a sum of simple harmonic 
terms, \n or \(n — 1) in number according to whether « is even or odd 
(see Appendix, § I). This means that the system oscillates about its 
steady state. It must be noted, however, that w T hen n >4 so that there 
are two or more component harmonic oscillations, the several periods of 
these are not in general rational multiples of one another, so that the 
resultant oscillation is apparently most irregular. 

The periods of the oscillations depend on the steady-state values of 
the concentrations, some of which, when n is odd, depend on the initial 
values. In general, the oscillation is faster for greater initial values 
when n is odd. 

Eqn. (5) above and their solution apply in the first place when the 
system is very near its steady state. It is now necessary to decide how 
far they give an approximation to the situation when this is not the case. 


6 Burton, /. Cell . Comp. Physiol 1939* * 4 > 3 2 7 - 
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Returning again to the original differential equations (M) these may be 
summed and integrated (see Appendix, § II) to give 

n n 

~ a 0 ,,) = ln #)»■•• ( 6 ) 

l 1 

where, if n is odd, any set of values a v a s . . . & n satisfying (2) may be 
used. 

Also, for n odd, another summation and integration will give 

h h 

y ' l '' f — In (a 2 m +x/«o. » m -n) = 0. . . (7) 

Q h 2 r * • • • "2m 

The absolute values of d lt a s etc. for n odd may reasonably be taken now 
as those which satisfy (7) as well as (2). 

Considering (6) it will be seen that, as a 0 ,, can have any value between 
o and saturation, the equation will only be satisfied by the steady-state 
concentrations for exceptional initial conditions. Thus the steady state 
cannot generally be attained. 



If the a/s o, the left-hand side of (6) a finite limit, the right-hand 
side — 00 ; and if the a/s -> 00 the left-hand side of (6) tends to an 
infinity of a higher order than the right-hand side. In either case, the 
left-hand side tends to a value infinitely greater than the right-hand side, 
so that no arrangement of a/s tending some to zero and some to infinity 
would satisfy (6). 

Since the system cannot tend to its steady state or to zero or infinite 
concentration, theie remains only the possibility of oscillation about the 
steady state. The approximate solution given above must therefore 
give a fair picture even for large values of a,, except that the components 
of the oscillation will not be simple harmonic but (as in the case of two 
equations described by Lotka 2 ) will show greater movement from the 
steady state above than below. 

Fig. 1 and 2 are differential analyser solutions of (M). Fig. 1 is the 
case n = 3, Kk % — AjAg — r x k 2 -f- h x Y % and shows oscillations having one 
component of the type described. Within the limits of accuracy of the 
machine these oscillations are periodic, i.e. there is no variation in shape 
from one wave to the next. Fig. 2 is the case, n = 4 for r f = o. What 
was expected in this case was oscillations having two components each 
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not quite harmonic, and the curiously irregular shape of the curves is in 
accordance with expectation. 

C. Gases where no Complete Non-Zero Steady State Exists*— 

First consider the case where n is even and (1) does not obtain. Supposing, 
for the moment, that all the A's are equal and so are all the r’s, (1) reduces 

to K > in r . 

That is, the rate of formation of the first reactant is greater than the total 
rate of removal of half the reactants. If the A's and r ’s are not all alike, 
(1) still has a similar significance. 

When (1) does not obtain, then the reactants are being removed too 
fast. As the only entry into the system is at the beginning of the chain 
(A t ), one would expect the too great removal rates to affect the last re¬ 
actants most, and these might well vanish from the system, beginning 
with the last and working forward, until stability is reached with a shorter 
chain for which (1) does obtain. 



Now consider the conditions mathematically. If (1) does not obtain, 
the odd-numbered reactants cannot be kept steady without making 
either some of the odd-numbered steady-state concentrations zero, or 
some of the even-numbered ones negative (which is, of course, impossible). 
It may be possible, however (see Appendix, § III), to choose positive 
values for some of the even-numbered steady-state concentrations—say 
# 4 . . . —although no such values can be found for the later 

ones. Then a corresponding set a lt o 3 . . . 5 8m _! can also be found, 
but a 3m+1 = d 2fn ± t — . . . = d n = o. The effect will be, as was suggested 
above, that the end of the chain will gradually disappear, while the be¬ 
ginning will oscillate in much the same way as would a chain of length 
2m instead of n. There will, however, be complications in the oscillations 
of the lower-numbered reactants while the others are disappearing. On 
further examination of condition (1) it is seen that there is one unexpected 
feature ; only the odd-numbered r *s affect the situation. It may appear, 
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however, that if the even-numbered r* s are too great, dy as calculated in 
§ A may turn out to be greater than the saturation value of Oj, which 
would equally well invalidate the steady state as found. 

Now consider the case where n is odd and (4) does not obtain (which 
will generally be the case). (M, i, iii, v) etc. may be summed and in¬ 
tegrated (see Appendix, § I lb) to give 

2(^1^S • • • h* tm+i) 

= ^Kk 2 . . . ^n-1 h\kz . . . k n 

*” ^T^3 • • • kim-l ^2 • • • ^n~l r 2tn+l}^ • • • (®) 

If the right-hand side of (8) is negative, the general tendency is for odd- 
numbered a’s to decrease to zero, and if it is positive, the tendency is to 
increase, apparently to infinity, in fact to saturation. (If (4) obtains, the 
right-hand side of (8) is zero, so (8) reduces to (7).) Eqn. (8), however, 
gives no indication as to what happens to the even-numbered con¬ 
centrations, or, indeed, as to what happens individually to the odd- 
numbered ones. 

Further information may, however, be obtained when every r, = o. 
In this case, although there is no non-zero steady state, what might be 
termed a “ half-steady state ” exists, i.e. conditions may be chosen so 
that even-numbered concentrations only are steady. Writing d 2m for 
these values and 5 2fn+1 for corresponding changing values of the odd- 
numbered concentrations, we obtain, since r s = o 




‘ ^ inA 2m+i) — 0 


at all times. 

^2ro-i fl 2m-i 


• (9) 

and 

^ 2m —1 ^(^2m-l) 


• ( 10 ) 

Dividing the 

left-hand side and 

the right-hand side of 

(10) by the 


left-hand side and the right-hand side of (9) we have 

/®*m -1 “ ^(^2m+i) l&tm+v 

or K — k x a 2 = k 2 a % — k 3 d 4t 

= k n . 

The set (11) comprise i(n — 1) equations in $ (n — 1) unknowns, d it d t 
etc., so that these may be determined. 

Putting c for all the equal quantities of (11) we have, for odd-numbered 
concentrations, 

d /~ \ 

— * a 2 m+i* 

••• «im+l = .m+1 C‘ .... (12) 

Thus, if the odd-numbered a’s are initially in the proportion given by 
(9), while a 0t 2m ~ d %m as defined by (11), a im + t will follow the path 
given by (12) and a 2m will remain steady. 

When Kk 2 . . . k n „ x < k x k 2 . . . k H (i.e. = is replaced by < in (4)), 
c < o so that (12) defines a negative exponential path decreasing to zero. 
When Kk 2 . . . k n ^ 1 > . . . k n , on the other hand, t > o and (12) 

defines an increasing exponential curve. 

When the conditions (9) and (11) giving the half-steady state do not 
obtain initially, which is, of course, usually the case, the solution may 
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still be related to a corresponding half-steady state. The latter, how¬ 
ever, is not completely defined by (9) and (n), as (9), like (2), are indeter¬ 
minate, so that an additional condition in the 3 0 , 8m+1 must be obtained. 
Eqn. (8) now reduces to 

• • • ^n-i) l n ( a tm+il a o » am+i) 

= (Kk 2 . . . £ n -i - k x k, . . . k n )t, (13) 
which must also be true if 5 2m+1 / 5 0 , be substituted for a lm+1 /a 0t 8m+1 , 
so that 

t • • ( a i m +1 • 2 m+ll a 0 ' a™+i • ®8m+i) ~ °* 

It seems reasonable, therefore, to complete the definition of the associ¬ 
ated half-steady state by supposing 

n+t • * • ^»-i) i a 2m+ll a 2m+i) 

“ * * * ^atn+i^am+a • • • ^»-i) (**o, 2m+il a o . *m+i) ~ °* ( J 4) 




Considering (14), and also the question of continuity when (4) very nearly 
obtains, the most probable solution is that of oscillations about the a im 
and the 3 #m+1 . Since, when (4) obtains, the period is smaller the greater 
the absolute values of a x etc., it seems reasonable to suppose that when 
(4) does not obtain the oscillations will not be periodic, but will speed up 
if 3 arn+1 increases, and slow down if 5 Snl+l decreases. Further considera¬ 
tion also suggests that the oscillations must be damped in the decreasing 
case, and that they will therefore expand in the increasing case. 

Fig. 3 is a differential analyser solution for (M) with n — 3, — o, 

Kk t s=s It shows the three concentrations oscillating with in¬ 

creasing 44 period " and decreasing amplitude, a x and a a each about a 
decreasing exponential curve, and a t about a fixed value. The theoretical 
paths of a x and 3 , and the level a % are put in as dotted lines for comparison. 

Fig. 4 is the case in which 

n = 3* r i = 1 and (K ~ r x )k t = ik x (k 9 + r a ). 

This shows no resemblance to the case considered above—instead, it 
appears that A s rapidly vanishes from the system, which afterwards 
behaves as if n = 2. It seems probable that this is what happens for 
any odd number of equations if 4* o and the equality in (4) is replaced 
by a < sign. 
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II. Solution of the Original Equations (D), by Comparing them with 
the Modified Equations (M). A. Non-Zero Steady States of (D)«— The 

steady states of (D) are the same as those of (M) with the following 
provisions : 

For n even. 

in 

w = fokjis . . . kn-xW* I fk 0 k 2 . . . k n + 2 ^0^2 • • ♦ *&2 m +i . • • k n - X Y tn \> 

1 0 

K is replaced by hjw in all the even-numbered concentrations. Re¬ 
placing AT by k 0 w in a n gives as the condition of existence for the steady 
state, 

in 

Y 0 kxk 2 . . . k n -l W ° > • • • ^» 4 “ 2 ^0^2 • • • ^2m-2^2m+l * * * 

1 0 J 


i« 


1 



tr 


Fig. 4. 

Roughly speaking, this requires that r 0 should be very large compared 
with all the other r’i s, and also w° should be large. 

For n odd. 

i(n +1) 

w = 1^3 • • • kn 4“ 2 ^1^3 • • • £ 2m- 3^ 3m * * * ^n-1 • r 2m-l\ l^0^2 • • • ^ »•-1 ( l 5) 

1 m-1 ' 

provided that this is < w°. 

Now K = k 0 w so that 
Kk 2 . • . A n— 1 — hfiki . . . k n ^iW 

i(*+l) 

= k 2 k 3 + 2 ] kxk 9 . . . ki m - 9 k 2fn . . . 

i.e, (4) always obtains provided that w above exists. 
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d x is no longer indeterminate, but is given by r 0 (w° —- w)lk 0 w. 

*(n - 1) 

3 , = . . . k*_ t r 0 w° -w2 ?k„... k tm .,k tm+1 .. .k n „,r tm \lk t B. (16) 

There are now two conditions for the existence of a non-zero steady 
state : 

w° > w, 
d n > o. 

The latter resembles the condition (1) for n even, and roughly speaking, 
implies that r 0 is large and all other r 's are small. 

If the value of w given by (15) is greater than a; 0 , w will not tend to 
this, but instead to w°, or to some value less than w°. K will then have 
to be taken < k 0 w°, and condition (4) will have its equality replaced by a 
< sign. It is impossible to find a case of (D) corresponding to that of 
(M) where the equality in (4) is replaced by a > sign. 

B. Variation with Time of System (D).—The basic assumption 
for taking (M) as an approximation to (D) is that the constants of (D, o) 
dw/dt = r 0 (w° — w) — k 0 wa x 

are such that w remains nearly steady while the other concentrations, 
a jt vary much more. The condition for this is that r 0 should be very 
large compared with k 0 , so that a small change in w affects dwjdt more 
than a change of the same proportion in a x . If this is so, after a short 
time, to allow w to approach its steady state value, the system repre¬ 
sented by (D) should approximate very nearly to that represented by 
(M). The effect of having w not quite constant will probably be a slight 
damping of the oscillations. 

Conclusion.—In a system such as is typified by (D), i.e. a chain of 
autocatalytic reactions, where the precursor is introduced by a first-order 
process and the other substances are removed by first-order processes, 
there will in general be almost undamped oscillations provided that 

(a) the rate of entry of precursor is great enough ; 

(b) the rate of removal of the other substances is small enough (see 
(1) for n even, (17), (16), (15) for n odd) ; 

(c) in the case where there is an odd number of autocatalytic reactions, 
the quantity which has been termed the “ external concentration ” 
of precursor is greater than a fixed value, determined by the other 
constants of the system. 

If condition (a) above does not obtain, it will probably only mean that 
there is a much higher degree of damping, although the effect may well 
be in extreme cases that there is no evidence of oscillation at all. 

If condition (6) does not obtain, or, in general, if (c) does not for n 
odd, the later reactants of the series will vanish from the system, but it 
may be found that a smaller chain is left, with an even number of re¬ 
actants ai f , for which condition (b) does apply. 

If condition (c) only does not obtain for the case n odd, and r i o, 
(1 < j < n), the a im will oscillate about a fixed value and the a arn+1 
about negative exponential curves, all the oscillations being damped, 
and of lengthening period. 


Appendix 

I. The auxiliary equation for (5) is 


A 

k x &i 

0 

. . . 0 

O 

— h x a % 

A 

k,a. 

. . 0 

O 

0 


A 

. . 0 

O 

0 

0 


. . 0 

O 

0 

0 

0 

, . . A 


0 

0 

0 

• • — ^n-i^n 

A 


A (A) b 


o. (18) 





OPEN REACTION SYSTEMS 


1108 


When n is even, A (A) reduces to a polynomial of degree Jw in A 1 , which has 
in linear factors of the form (A* + a positive constant). Thus (18) has n purely 
imaginary roots. If n is odd, A (A) has one factor A and J(n — i) of the form 
(A a H- a positive constant), so that (18) has (n — i) imaginary and one zero 
root. 

This means that the solution to (5) gives every a, as the sum of in or J(n — 1) 
simple harmonic terms. For n odd there is also a constant term, but there 
seems no reason why this cannot be incorporated in dj, 

II. (a) The equations of (M) are first summed as they stand, to give 


2 = A’oj - k n a n - 2 r,a r 


( 19 ) 


Each equation of (M) is now multiplied by with the appropriate value 
for j, and the equations are summed, to give 


2“ X A &t = 5l( ~ ~ Va) + 2 - h,a t+1 - r,) 


n - 1 


+ - k n — *■„) . 


( 20 ) 


(If n is odd, any values of d lt a 9 , etc., which satisfy (2) are taken.) 

The steady-state values are now introduced into (19) in place of the variable 
concentrations, so that every d ajdt — o, giving 

o = Ka l - k n S n - 2 rfi, .... (21) 

(21) is now added to, and (20) subtracted from, (19) to give 
n n n 1 

z j? - zf; w =a ‘ {K ~ r >- ***.>+z - *a+» - r >> 

1 1 ’ 2 

+ -- %) = o (22) 

Eqn. (22) may be integrated to give 

2 (a, - a„,,) - £ a, In (a,/a„,,) = o. 

(b) When n is odd, the odd-numbered equations may also be summed in the 
following way to give an integrable result. The equation (M, 2 m -f- 1), for 
w = o, 1 . . . i(n — 1) is divided by a lm+1 and multiplied by 


2^2n»+4 • • • 

The resulting equations are then added to give 
i(n 1) 

2.-. 

0 


da. 


M. • 

• • ^2m-l^lm+a • 

• • ^n-l 



=2 Kk z k t . 

l 

1 

- k\k z . . . k n 


*(» 1) 




2 y atn+1^1^8 • • 

• ^am-i^am+a • • • 1 ( 2 3) 


When (4) obtains, right-hand side of (23) is zero. 

On integration, (23) gives, for (4) obtaining 

*(» - 1 ) 

y (^1^8 * ■ • • • • ^n) 1° ( fl 8m+i/ a 0» lm+i) “ 0 

0 

and for (4) not obtaining 
i(n - 1) 


Z (M. • • 
0 

• ^aw-i^am+a * • 

. k n ) In (a 8w+l /a 0 , tm+1 ) 


*(n -1) 

- {**. • 

. . A n _ 1 . 

* * k n — 2] f am+i^l^8 • • • 


0 
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III. Incomplete Non-Zero Steady State. 

The analytical values of the even-numbered non-zero steady-state con¬ 
centrations are obtained in succession by the formulae, 

a a ~ (K — r l )/k l 

*tm = ~ 'am-l)/*a«-l for 2 < W < Jtt, . . (24) 

so that if the value found for is positive, so are a 2m _ 2 and all preceding values, 
while if 5 2m+2 is zero or negative, d 2rH + t and all successive values are negative. 
Suppose that this is the case, assuming first that (24) gives 5 2 m+a negative 
rather than zero ; then non-zero steady-state values really exist up to a tm , 
and do not from d im+2 onward since a real concentration cannot be negative. 
Now, from (M, 2w + 1), « 2 m+i will be stationary if 

m ~ ^im + l^Jm+ a r 2m+l) ^ °- 

But no positive value of a 2m+2 will make the bracketed term zero, so that 

^|M+l ~ °* 

To make a 2inf2 stationary, d im+2 (k 2m+l d 2m+1 - k 2m+2 d tm + $ - r 2m+2 ) = °» 
so that a tm +3 — o. 

Similarly, all subsequent steady-state values are zero. 

Returning to equation (M, 2 m), since a 2m+1 = 0, a tm is stationary for 

“ r 2 m) “ °# 

and a non-zero value for d 2m _, is given by 

^am-l “ ^2m/^2m-l■ 

The earlier odd-numbered steady-state values may be found as in § IA of 
the text. 

Thus the chain of length n may be reduced to a shorter chain of length 2W 
for which a steady state exists. 

If (24) gives d 2m+ 2 = o, instead of negative, it is possible that a non-zero steady 
state may be found for the chain of reactants up to and including a 2m+1 , and if 
so, this chain will presumably survive after the later reactants have vanished. 
This case will, however, be rare. 

Imperial Chemical Industries Ltd., 

Butterwick Research Laboratories, 

The Frythe, 

Welwyn. 


THE REACTION KINETICS OF WOOL WITH 
CHLORINE SOLUTIONS 

PART II.—DIFFUSION WITHIN THE FIBRE 


By P. Alexander, I). Gough and R. F. Hudson 
Received 30 th May , 1949 

The conditions under which the reaction is controlled by diffusion within 
the fibre are determined. It is shown that the rate is almost proportional to 
initial concentration (i.e. constant) and it is concluded that diffusion proceeds 
from a changing surface concentration. A kinetic expression for these con¬ 
ditions is derived and compared with the diffusion equation of Wilson. The 
mechanism of fibre diffusion is discussed and the high energy of activation step 
is considered to be hole formation in the fibre-water gel. 


The limiting conditions under which the reaction of wool with chlorine 
solutions may be controlled by the rate of transport of solute in solution 
have been discussed fully in the previous paper. On changing experi¬ 
mental conditions such as rate of stirring or concentration, it is possible 
for the migration of reactant through the solid to become the rate¬ 
controlling factor and the experimental data recorded here are interpreted 
in this way. 
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The apparent energy of activation of the oxidation reaction when 
controlled by diffusion in solution (ca. 6000 cal./mole) is of the same 
order as the energy of activation of diffusion in aqueous solution (see 
Part I). The fibre-controlled process, however, is characterized by a 
much greater apparent activation energy (ca. 12,000 cal./mole) which 
thus provides an excellent criterion for differentiating between the two 
mechanisms. This value for the apparent activation energy has also 
been obtained for the oxidation of wool by potassium permanganate 1 
where the observed rate is governed by the rate of diffusion through the 
fibre, although in this case the rate is modified by the deposit of manganese 
dioxide on the fibre. 

We are considering in all cases complete reaction of the chlorine in 
solution so that the solution concentration decreases from the initial value 
almost to zero. It follows, therefore, that the surface concentration of 
chlorine, which governs the rate of diffusion into the fibre, continually 
decreases. This, of course, implies the assumption that chlorine dis¬ 
tributes uniformly between liquid and solid phase according to the 
distribution law. Although solutions of the general Kick equation for 
diffusion into a solid from a constant surface concentration are well 
known, 2 treatment of the case of varying surface concentration has proved 
to be extremely complex. Recently a formal solution for a surface 
concentration varying linearly with solution concentration has been given 
by Wilson 3 assuming that a certain constant proportion of the solute 
within the solid phase is mobile and is responsible for diffusion, the 
remainder being deposited on absorption sites. For diffusion into a 
cylinder of infinite length compared with the radius, Wilson gives the 
following solution, 

Qt _ _ _ ^ 4<%(i + a) 

£?oo 4 + 4 a 4 - a 2 ?* 1 

where Q t lQ a0 is the fractional attainment of equilibrium, q n represents 
the positive roots other than zero of the equation 

a< 7 nj o(q n) + 2jl(q n ) = O. 

The constants a and j 9 are given by 

“ = aMF+T) and P = (K + 1)0*' 

This applies only for a linear distribution between absorbed and mobile 
solute. For a general isotherm, e.g. of the Freundlich type, a numerical 
method 4 * * has to be employed, as in this case the diffusion equation 
cannot be solved formally. 

Barrer 8 has considered the diffusion of gases into a sorbent in a con¬ 
stant volume sorption system in which the equilibrium distribution of 
sorbate between gas phase and sorbent follows Henry’s law. Using the 
standard methods of solution as applied to heat conduction • he gives a 
complete solution 7 which leads to the following approximation, 

Qi_ _ 6 Qo jDt 

Qm 

where Q 0 is the quantity of gas present initially in the gas phase. This 
shows that a parabolic law may be followed under some circumstances 
even though the surface concentration is changing rapidly as in the re¬ 
action discussed in this paper. 

1 Alexander and Hudson, J. Physic. Chem., 1949, 53, 733. 

2 Barrer, Diffusion in and through Solids (Cambridge Univ. Press, 1941) ; 

Barrer, Symposium on Fibrous Proteins (Leeds, 1946). 

9 Wilson, Phil. Mag., 1948, 39, 48. 4 Crank, ibid., 1948, 39, 140. 

* Barrer, Trans. Faraday Soc ., 1949, 45, 358. 

• Carslaw and Jaeger, Conduction of Heat (O.U.P., 1947), P* 2 ° 5 > 

7 Paterson, Proc. Physic. Soc., 1947, 59 » 5 °* 
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Experimental 

(1) Kate Measurements have been described in detail in Part I. In addi¬ 
tion to fabric, several samples of equivalent amounts of loose wool fibres were 
fitted to the frame stirrer and the rate of reaction determined as before. It 
was found to be difficult to obtain the same degrees of agitation owing to the 
large bulk of the fibres and the values can only be taken as indicatory. The 
maximum rate of stirring which could be employed was 600-700 rev./min,, 
as with greater speeds vortexing of the liquid led to unreliable results. 

(2) Retained Chlorine. —At the end of several experiments the quantity 
of chlorine in the fabric was determined by rinsing the sample in cold water for 
5 min., i.e. until the washings gave no coloration with dilute potassium iodide 
solution. The fabric was then shaken with excess of standard ferrous ammonium 
sulphate solution which was titrated with standard potassium dichromate. 
From the results the percentage of strongly absorbed chlorine was calculated. 

An alternative method leading to similar results was to immerse the wool 
after rinsing in an acidified solution of potassium iodide and titrate the liber¬ 
ated iodine immediately with thiosulphate. It was shown that the iodine 
liberated does not react with the wool in the short time required for the analysis. 

(3) Cystine Content of Treated Wool. —Wool samples were reacted 
with varying quantities of chlorine in the same way as in the kinetic experi¬ 
ments. The samples were hydrolyzed and their cystine content determined 
colorime trically. • 


Results 

(1) Rate Measurements.— Table I illustrates the fact that the rate of 
reaction of 10 % chlorine becomes independent of stirring at high stirring speeds. 
Rates are expressed in half-life values which may be used as a measure of fibre 
diffusion rate for reactions proceeding largely to exhaustion as will be shown in 
the discussion. Fig. 3 shows the rate of reaction in terms of t\ values with 
10 % chlorine per weight of wool at different stirring speeds at o° and 25 0 . 

TABLE I 


Stirring Rato 
rev./inin. 

t\ min. 

25° 

min. 

10° 

t^ min. 
o° 

L'o-* 6 
cal./mole 

£o~io 
cal. /mole 

300 

_ 

_ 

2-9 

_ 

_ 

400 

o *57 

— 

2-6 

9,900 

— 

500 

o*4 

— 

27 

12,400 

— 

600 

o*4 

1*0 

2-6 

12,200 

14,100 


TABLE II.— Experiments with Loose Fibres 


Stirring Rate 
rev. /min. 


at o° C 


600 

650 

750 


3*4 

2’2 

1*8 


Loose fibres were used in the place of fabric to show that the rate of reaction 
remains the same for loosely and tightly packed fibres. Complete agreement 
is not to be expected as loose fibres are more difficult to agitate evenly than 
fabric. 

The effect of changing concentration is shown graphically by the relation 
against Q t and t against In where c is the initial concentration 

in solution and c — x concentration at time t. These graphs are approximately 
• Shinohara, J. Biol . Chtm. t 1935, 109, 
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linear, whereas for concentrations less than io % the rate of reaction is pro¬ 
portional to bath concentration (see Part I). It should be noted here that ty 
is almost independent of initial concentration, although the rate appears to be 
controlled by diffusion within the fibre (i.e. = 27, 2*5, and 3*2 for 10 %, 

15 % and 25 % at o° C). 

(2) Retained Chlorine. —The analyses of chlorine retained by the fibres 
at the end of the reaction for varying initial concentrations of chlorine are given 
in Tables III and IV. 


TABLE III 


Initial Cl, cone. 

% 

Wt. of Cl, (g.)in 
Reaction soln. 

Wt. of Cl, (g.) retained 
by Fibres 

% Cl. (of total Cl,) 
Retained 

IO 

0-290 

0-00415 

1*4 

7 

0-194 

0-00275 

1*4 

5 

o-i 54 

OOOI95 

1*3 

3 

0-096 

0-00098 

1-02 

1 

00339 

0-00062 

1*73 


TABLE IV 


Treatment of Chlorinated Fibres 
(10 %) 

Wt. of Cl, 
applied 
(g.) 

Wt. of Residual 
Cl, 

(g.) 

% Cl, 
Retained 

Dried at 8o° C for 75 min.. 

0301 

0-000089 

003 

Distilled water at 20° C for 60 min. 

0-299 

000399 

1-34 

Jet of running water for 10 min.. 

0-285 

0-00399 

1*4 

Distilled water at 50° C for 30 min. 

0-270 

OOOI33 

0-49 


TABLE V 


Initial Cl, 
cone. 

% 

% Cystine 
Oxidized 

3 

13 

5 

22 

10 

43 

15 

57 

25 

75 


These results show that the quantity of free chlorine remaining in the fibres 
is proportional to the quantity of chlorine reacted. This chlorine appears 
to be sorbed on the fibres, as immersion in distilled water for some time does 
not affect removal. Treatment with water at elevated temperatures or the 
action of heat alone destroys the oxidizing power. These observations suggest 
that the chlorine is present as an adsorbate rather than as an organic chloro 
compound. 

(3) Cystine Content of Treated Wool. —The relation between the quan¬ 
tity of chlorine reacting and the amount of cystine removed is shown in Table V. 
The cystine oxidized in each case is expressed as a proportion of that of the 
original sample and not as a proportion of the cystine present in the reacted 
wool sample. 


Discussion 

Two observations indicate that the rate process under observation 
is connected with the fibre and not the solution. 

(i) With increasing stirring rate, rate of reaction increases rapidly 
and suddenly becomes constant above a critical value. 
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(ii) The measured activation energy simultaneously changes from 
6000 to 12,000 cal./mole. 

It has been shown • that the rate of reaction of chlorine with individual 
amino acids (except glycine) in solution is extremely rapid, so it is likely 
that migration of reactant to reaction sites is the slower process. In 
a similar system 10 it has been shown that the rate of exchange of ions on 
a synthetic resin is governed by diffusion of ions through the solid. 

The linear relation between and quantity diffused, which holds in 
the initial stages of the reaction (Fig. 2) is typical for diffusion into a 
semi-infinite solid from constant surface concentration. Owing to the 
change in concentration of the solution during reaction, it is improbable 
that in the course of the reaction the surface concentration remains 
constant. This is supported by the observed constancy in the half-life 
values with increasing concentration. Whereas for constant C t from the 
general relation, 10 for reaction proceeding to completion, 

Q, = zC.A VDtfn, 
i.e. (x ic)Vc — zC.AV Dtlv, 

it is seen that oc c a , where c is the initial bath concentration, c — x 
the concentration at time t , and V the volume of solution in contact with 
area A of fibres. This is in agreement with the conclusion of Barrer 6 
discussed in the introduction, that linear — Q t plots do not necessarily 
require a constant surface concentration. In an analogous system 
Wagner and Hammen 11 have observed, in the oxidation of copper, 
that ft — Q f plots are linear, although the rate of reaction increases with 
pressure of oxygen, in contrast to the oxidation of zinc, the rate of which 
is independent of oxygen pressure. 

Derivation of a Semi-Empirical Relation. —As the reaction results 
in removal of reactant a semi-empirical approach can be made, similar 
to that which has been adopted in the study of surface reactions of gases 
and solids, with the formation of a layer of product. 12 Thus, Wagner 
et al. have found in the oxidation of metals and for the reaction of silver 
with sulphur, the thickness of the layer of product increases proportion¬ 
ally to V2At. This can be derived theoretically by applying the simple 
law of Fick. ,s 

Booth 14 has recently pointed out that this derivation is not strictly 
valid, although interpreting experimental results satisfactorily. The 
assumption of a linear diffusion gradient leads to the anomaly that 

Wc/bx* = o. 


This can only hold for a stationary state, i.e. where the width of the 
diffusion layer does not vary with time. However, Booth obtained a 
rigorous solution and showed that the diffusion gradient is approximately 
linear if the diffusing concentration is small compared with the density 
of the product. 

This condition is satisfied in the reaction under consideration as re- 
action is extensive, and although mathematically unsatisfactory, applica¬ 
tion of the pseudo-steady state concept gives results in agreement with 
experiment. 

The rate of transport of reactant at any particular time across the 
layer of product of width d may be given by 

d(xV) 


d t 


D $ A 


* Alexander, Gough and Hudson (unpublished). 

10 Hill, Proc. Roy, Soc. B, 1929, 104, 39. 

11 Wagner and Hammen, Z. physik, Chem. B, 1938, 4 <h 197* 

1% Wagner, ibid,, 1933, ai v 25. 

11 Mott and Gurney, Electronic Processes in Ionic Crystals (O.U.P., 1940), 
Ch. VIII, 14 Booth, Trans. Faraday Soc. § 1948, 44, 796. 
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where c t and c t are concentrations at the inner and outer boundaries, 
x the decrease in bath concentration in time t, and V the volume of 
solution. At any particular time, d is a function of the extent of reaction, 
i.e. the amount of product formed per given unit area. We may con¬ 
sider two extreme cases : 

(a) Reaction is virtually complete within the product layer as in the 
case of metals forming oxides or sulphides. If C, is the concentration 



Fig. i.—G raphs of In —-- against t for 10 %, 15 %, 25 % Cl g . 

c — X c 


of product formed, the distance penetrated is given by d — xV/AC ft 


so that 


d(xV) _ D,A*(c - x)C f 
d * “ xV 


i.e. 


(Tr 



It is seen that in this case the half-life value is proportional to initial 
concentration of reactant in solution. 

(b) It was seen from the results that the half-life values are almost 
independent of initial concentration. This may be interpreted in terms 
of incomplete reaction within the product layer. It is assumed that 
the layer d increases in proportion to the extent of the reaction, i.e. 
x 

d = -d 0t where d 0 reoresents the final penetration distance. Thus, 
c 


t 


djV ( 6 

D,A ( c — x 


9 


and under such circumstances becomes independent of initial con¬ 
centration. 


In both (a) and (6) a linear relationship holds between / and 


141 — " -. 

c — X c 

Fig. 1 shows that such an expression applies to the experimental data. 
In addition, it is readily seen by expansion of the logarithmic term 
that if this relation holds, then the plot of ft against Q t must be linear 
for the initial stages of the reaction. 

The concept of d 0 implies that the diffusing species advances in the 
form of a well-defined front at which reaction occurs very rapidly. This 
has been demonstrated experimentally by Hermans 15 for the diffusion 

16 Hermans, Contribution to the Physics of Cellulose Fibres (Elsevier, 1946), 
p. 31* 
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Fig - 3 —The effect of stirring on half-life values for ro % Cl, at o° and 25 0 C. 
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of water into cellulose, and photomicrographs show clearly that in the 
case of dyeing of wool, cellulose and Nylon fibres diffusion proceeds in 
this way. 1 * Some knowledge of the approximate value of d 9 may be 
obtained in the present case from analyses of the treated fibres. The 
most reactive grouping, cystine, is rapidly attacked by chlorine, 17 the 
results of analyses with varying initial chlorine concentrations are given 
in Table V. The percentage cystine oxidized is proportional to the 
chlorine concentration until approximately 50 % has been removed 
(i.e. with 15 % chlorine solutions). Above this concentration the pro¬ 
portionality no longer exists, and the half-life value of the reaction 
increases. Thus, it would appear that d 0 may be identified approxim¬ 
ately with half the radius of the fibre. Assuming the radius of the 
fibre 18 to be io~ 3 cm. a value of the diffusion coefficient of io ~ 7 cm. 2 /sec. 
at o° C is obtained. This is of the same order as values of the diffusion 
coefficient of similar molecules through fibres, e.g. D for water at high 
regains approaches io~ 7 cm. 2 /sec. at room temperature. 19 Values of the 
order of io~ # cm. 2 /sec. were obtained by Boyd, Myers and Adamson for 
the exchange of small cations on a synthetic resin. 30 

Finally, this value may be compared with that obtained from the 
complete treatment of Wilson. 3 Difficulty is encountered in assigning 
a value to R which represents the ratio of concentration reacting to con¬ 
centration diffusing. It has been seen from analysis of retained chlorine 
that approximately i-o to 1*5 % Cl 2 remains unreacted at the end of the 
reaction, which leads to a value of approximately io 2 for R (Table HI). 
The constant a (the actual value does not affect the form of the curve 

materially) thus approximates to unity as in this case —- — 150. The 

7 tU* 

solution of Wilson’s equation for a = 1 is given in Fig. 4. The dotted 
curve compares this solution with the semi-empirical relation 



from which it is seen that agreement is excellent. The calculated value 
of D, = 0*3 x io~ 7 cm. 2 /sec. at o° C agrees reasonably well with the 
value obtained from the semi-empirical treatment, when the difficulty 
of assigning correct values of R and d 0 respectively in the two treatments 
is appreciated. The assumption in the semi-empirical treatment of an 
approximately linear diffusion gradient is supported by the calculated 
values of Crank 21 shown in Fig. 5 for the change in concentration with 
distance from the surface. It is seen that a linear diffusion gradient is a 
good approximation for 60 % of the reaction. 

The Effect of Temperature. —The above discussion has been limited 
to the reaction at constant temperature. Owing to the high value of 
the apparent activation energy, 12,000 cal./mole, for fibre diffusion 
and the lower value, 6000 cal./mole for film diffusion, it follows that the 
mechanism governing the overall rate of reaction is highly dependent 
on temperature. Thus, if under a given set of conditions the mechan¬ 
ism is fibre-diffusion controlled, then increase in temperature favours the 
change-over to liquid-film diffusion. This is shown clearly by the graph 
of half-life values against stirring rate at o° and 25 0 C (Fig. 3). Conversely, 
as soon as a build-up of concentration occurs at the surface the activation 
energy rises to 12,000 cal./mole, even though the rate is governed by 

19 Millson, Watkins and Royer, Amer. Dyestuff Reptr., 1947, 36, 45 ; Morton, 
Textil, Rundschau , 1949, 4, 39. 

17 Alexander, Hudson and Fox, Biochem. J . (in press). 

18 Sullivan and Hertel, Textile Res., 1940, 11, 30. 

19 King, Trans. Faraday Soc., 1945, 41, 326, 479. 

90 Boyd, Myers and Adamson, /. Amer, Chcm. Soc., 1947, 69, 2836. 

91 Crank (private communication). 
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Fig. 5 .— Diffusion gradients calculated by the method of Crank 4 for linear 
absorption with bath exhausting to 90 % for various degrees of exhaustion. 
Solution to fibre ratio (volumes), i.e. A/ira* — 25. 
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diffusion in both phases at the higher temperature. This accounts for 
the rapid change of temperature coefficient with changing conditions. 

Before the significance of this activation energy can be examined 
the mode of diffusion in the solid must be considered. The reacting 
molecules may be rapidly absorbed on the solid surface and diffuse through 
a solid lattice of molecular chains to the reaction centres. This is un¬ 
likely as the fibres possess a high water content and are highly swollen, 
so that diffusion probably occurs through the aqueous phase within the 
fibre. To support this contention the diffusion of water and alcohols 
through keratin in the form of wool and horn may be quoted . 19 It is 
shown that the diffusion coefficient is highly dependent on moisture 
regain so that at low humidities D — io ~ 10 cm. 9 /sec., rising to ca. io ~ 7 
cm. 2 /sec. Thus, it seems highly probable that diffusion proceeds through 
an aqueous phase. It has been suggested 22 that the reactant diffuses 
through micropores of the fibre and is rapidly absorbed and subsequently 
reacts on the internal surface. This would imply a diffusion coefficient 
and activation energy of the same order as the corresponding quantities 
in aqueous solution. Alternatively, if adsorption were rate determining 
the activation energy would be a function of the heat of absorption. 
The remarkably constant values of E for widely varying diffusing species, 
given in Tabic VI tend to discount this theory. 

TABLE VI 


Diffusing Species 

Diffusion Media 

.... 

E * App. 

(cal./mole) 

Anions : HSCXp, Cl- NO~ 

Wool 

10,500 28 

SOf, C.H.SO,- . 

,, 

11,500 28 

KMn 0 4 .... 

,, 

12,000 1 

ci,. 

,, 

12,000 

Dyes ..... 


12,000-14,000 24 

Water .... 

Cellulose 

13,000 16 

Dyes ..... 

" 

14,000 26 


These E values vary slightly and increase with molecular size, thus 
indicating that diffusion alone through an isotropic medium governs 
the rate. The swollen fibre can thus be regarded as a uniform gel the 
component molecules undergoing restricted motion compared with mole¬ 
cules in aqueous solution. Neale 2e has advanced the possibility that 
this high activation energy indicates that desorption must proceed dif¬ 
fusion, but considers it more likely to be merely the energy of hole forma¬ 
tion opposing inter-molecular attraction forces which are greater than 
in a true solution. This mechanism is in agreement with the above 
activation energy values, the lower diffusion coefficient, and the greater 
entropy of activation of the fibre diffusion process calculated from D t 
and E t3 » 24 compared with diffusion in aqueous solution. 

The authors wish to thank Messrs. Wolscy Ltd., Leicester, for financial 
support which made this investigation possible and Prof. H. V. A. Briscoe 
for his help and interest. 

Department of Inorganic and Physical Chemistry, 

Imperial College of Science , 
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22 Morton, Trans. Faraday Soc. t 1935, 31, 26* ; Neale, ibid., 1935, 31, 282 ; 
Valko, ibid., 1935, 3 1 * 278. 99 Hudson and Schmcidler (unpublished). 

94 Alexander and Hudson (in press). 

26 Neale and Stringfellow, Trans. Faraday Soc., 1933, 29, 1167; Hanson, 
Neale and Stringfellow, ibid., 1935, 31, 1718. 

26 Neale, Trans. Faraday Sot , 1948, 44, 1027. 








DIFFUSION IN MEDIA WITH VARIABLE 
PROPERTIES 


PART II.—THE EFFECT OF A VARIABLE DIFFUSION COEFFICIENT 
ON THE CONCENTRATION-DISTANCE RELATIONSHIP 
IN THE NON-STEADY STATE 


By J. Crank and M. E. Henry 
Received 17 th June , 1949 

Concentration-distance curves are calculated for diffusion coefficients which 
depend on concentration in three different ways, and which may have a range 
of as much as 200-fold. The results are presented graphically in a form con¬ 
venient for interpolation. 

A method is suggested by which an approximate concentration-distance 
curve can be obtained, with relatively little labour, for any diffusion coefficient 
which depends on concentration, not necessarily in one of the ways for which 
the detailed results are presented. 

The importance of the results in connection with a recently proposed method 
of measuring variable diffusion coefficients is discussed. Some insight into the 
nature of the sharp advancing boundary observed in many systems is provided, 
and the significance of the mean diffusion coefficient, deduced from the rate of 
advance of such a boundary, is considered. 


I. Introduction. —In a recent paper Barrer 1 obtained formal solu¬ 
tions of the diffusion equation for conditions corresponding to steady- 
state diffusion through a membrane. The diffusion coefficient was con¬ 
sidered to be variable and to be a function either of the concentration of 
the diffusing substance or of the space co-ordinate. A number of 
concentration-distance curves were shown for various types of variable 
diffusion coefficients. The shape and properties of the concentration- 
distance curves in the non-steady state are also of considerable interest. 
The task of calculating such curves, however, is a much more formidable 
one because of the lack of formal solutions of the diffusion equation in 
the non-steady state and the consequent necessity of employing graphical, 
numerical or mechanical methods of integration. In the present paper 
concentration-distance curves for the non-stcadv state are obtained by 
numerical methods for diffusion coefficients varying in different ways 
with the concentration of the diffusing substance. The results are re¬ 
stricted to one-dimensional diffusion into a medium which is essentially 
semi-infinite. These are effectively the conditions of diffusion into a 
plane sheet of finite thickness in the early stages of diffusion before the 
concentration has changed appreciably at the centre of the sheet. It 
has been seen 2 that, for diffusion coefficients which increase consider¬ 
ably with concentration increasing, the concentration-distance curve is 
of such a shape that the sheet is often behaving as a semi-infinite one 
when the overall absorption is over 50 % of the final equilibrium value. 
Thus the semi-infinite condition is an important one in practice. 

The results are presented in such a way that concentration-distance 
curves can be obtained by interpolation for diffusion coefficient-concentra¬ 
tion relationships which ate of the same algebraic form as those for which 

1 Barrer, Proc. Physic. Soc., 1946, 58, 321. 

2 Crank and Park, Trans. Faraday Soc., 1949, 45 » 240. 
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actual calculations have been performed but for which the numerical 
values of the parameters are different. A method is also suggested by 
which a reasonably good approximation to the concentration-distance 
cuive can be obtained, with relatively little labour, for any diffusion 
coefficient which increases with concentration increasing. This method 
is not restricted to diffusion coefficients which behave in one of the ways 
for which detailed calculations have been performed. 

Apart from the general interest in the foim of the concentration- 
distance curves the results have an important bearing on the evaluation 
of variable diffusion coefficients by the new method described recently.* 

The method is based on an approximate relation between J.DdC and a 

mean diffusion coefficient which can be obtained readily from simple 
absorption measurements. Originally the method involved successive 
approximations to the integral by an iterative process necessitating some¬ 
what laborious calculations. By using the results of the present paper 
much of the labour is avoided and the method becomes a much more 
amenable one. 

A relatively simple observation to make in many systems is the rate 
of advance of a fixed concentration of diffusing substance and this affords 
a measure of the diffusion coefficient provided it is constant. When it 
is not constant the same observation yields some mean diffusion co¬ 
efficient over the relevant range ot concentration. The present results 
indicate, it is thought for the first time, the significance of the mean 
which is observed in this way. 

2. The Equations and a Previous Method of Evaluating Solutions. 

—Part I 8 of this series was concerned with the evaluation of numerical 
solutions oi the diffusion equation for concentration-dependent diffusion 
coefficients having a range of approximately 5-fold in most cases. Recent 
measurements on the chloroform-polystyrene -system * suggest that 
diffusion coefficients in polymer-liquid systems may vary much more 
violently than this. The diffusion coefficients dealt with in the present 
paper therefore have a range of as much as 200-fold. 

The equations and boundary conditions for diffusion in one dimension 
in a semi-infinite medium at whose surface the concentration is constant 
were developed previously 3 and so they can be introduced here with a 
minimum of explanation. In the earlier paper it was seen that for these 
conditions the concentration becomes a function of a single variable 
only, and the diffusion equation reduces to an ordinary differential equa¬ 
tion of the form 

dr d / r d c\ . . 

2 v d v ~ d^\ D T v ) . <2-I) 

We are interested in solutions of (2.1) which satisfy the conditions 

c =* i, 77 = o, c -> o, 77 -> 00. . . . (2,2) 

Here c is the concentration of diffusing substance so expressed that the 
concentration is constant and equal to unity at the surface of the semi¬ 
infinite sheet, 77 — o; and 77 is defined by the relation 

77 =- xj2(D 0 t)i .(2.3) 

where x is the space co-ordinate measured from the surface of the sheet, 
/ is the time, and D 0 the value of the true diffusion coefficient when c = o. 
D is a function of c and is the ratio of the true diffusion coefficient to I) 0 
so that D is non-dimensional and D -- 1 when c = o. 

Solutions of (2.1) were obtained in Part I by an iterative evaluation 
of the expression 

c = 1 -y4 fl5 exp {- fF d, } d * ’ 

8 Crank and Henry, Trans. Faraday Soc., 1949, 45, 636. 


( 2 - 4 ) 



J. CRANK AND M. E. HENRY 1121 

where A is a constant determined by conditions (2.2), Values of c cal¬ 
culated from 

c ~ 1 - erf Tf, . . . . (2.5) 

were used as the first approximation in the iterative process. When 
the same procedure was tried for more widely varying types of D-c 
relationships, the convergence of the iterative process was found to be 
prohibitively slow and it was dearly necessary either to find a new method 
of solution or to obtain a much better first approximation to the solution. 
The present results have been obtained by adopting the latter alternative. 

3. An Improved First Approximation to the Solution. —Inspection 
of several c-q curves obtained in the course of calculating the absorption¬ 
time curves of Part I, shows that the c-q curves vary considerably 
with the D-c relationship, even for moderately varying D. Thus it 
is not easy to obtain a good first approximation to the c-rj curve especi¬ 
ally when D varies considerably with c. 

In the steady-state flow through a membrane between two fixed 
concentrations of diffusing substance, the shape of the concentration- 
distance curve is very dependent on the D-c relationship, but the 
product D(dc/dx) is constant at all points of the membrane. This 
suggests that, although we are here concerned with the non-steady state 
and hence D(bc/~dx) t cannot be strictly constant, nevertheless the results 
may assume a simpler form in terms of a variable which includes such 
a product. We define a new \ariable 5 by the relation 




• ( 3 - 1 ) 

so that 



d.s D dr 

• ( 3 - 2 ) 


<J 77 D\dq 

and 

S - I, C ~ 1, q -- 0, . 

• ( 3 - 3 ) 


.S' —> 0 , C — * O, q 00 

• ( 3 - 4 ) 

where 

D. - f 1 DAc. 

J 0 

■ ( 3 - 5 ) 

For certain 

types of D-c relation it will be possible 

to evaluate 5 and 


7 J), by formal integration, but otherwise the integrals of (3.1) can be 
evaluated numerically. The transformation (3.1) is essentially the one 
suggested by Eyres, llartree and others 4 in a different context. When 
the s-q curves are plotted for the D-c relationships considered in 
Part I it is found that they all have the same general shape. They all 
approximate to straight lines over the range 1 > s > 0*2, and furthermore 
the gradient of each straight line is approximately — zjn^D^. This is 
the gradient the s-q curves would have at 17 — o, if D were constant 
and equal to D v for then 

s - 1 - erf . . . (3.6) 

and — zjr^D\ is the first term in the expansion of the right-hand side 
°f (3.6) for small q. h The s-q curves calculated for the diffusion of 
chloroform into polystyrene, where D is an exponential function of c 
with a range of 200, show a similar behaviour. 

These earlier results suggest the following method of obtaining a first 
approximation from which to start the iterative process. For 5 > o»2, 
5 is assumed to be a linear function of q , the gradient of the line being 
— 2 /tt*DJ. Below s ™ o*2, s is tailed off to approach s — o with zero 
gradient at a value of q slightly greater than that at which the straight 

4 Eyres, Hartree, Ingham, Jackson, Sarjant and Wagstaff, Phil. Trans., 
1946**40, 1. 

4 Tables of Probability Functions (Works Projects Administration, New 
York, 1941), Vol. I. 
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line intersects the 17-axis. A rough guide to the value of 17 at which 5 
should approach zero to within, say, 3 decimal places is afforded by use 
of the asymptotic expansion for the error function. 6 Since the linear 
dependence of s on D, has been found to break down for s < 0-2 it is 
reasonable to suppose that the asymptotic approach to zero depends 
mainly on a mean value of D taken over the range $ < 0*2. On the basis 
of this supposition the value of 17 at which 5 takes a low value, say, o*ooi, 
is given approximately by the first term in the expansion 



2 e iff 1 i -3 \ 

S - W * 2 , 1 \ I 2,» + ( 2 ,})« • • • r 

■ ( 3 - 7 ) 

where 

h = viDi, 

• ( 3 - 8 ) 

and 

D) = l Ddc, 

• ( 3 - 9 ) 


a-0 


An indication of the self-consistency of the first approximation to the 
$-17 curve is provided by a comparison of two expressions for M it the 
total amount of diffusing substance which has crossed 17 = o at time t 
per unit area. Thus 

M t — cdx = 2(D 0 /)iJ cdrj, . . . (3.10) 

and also 


d M t 
dt 



DDj/dc\ 

2 ti [drj/rj^o 


APj/dsX 
2rt Vdij/^o 


,( 3 .n) 


so that on integrating 

m. - - ■ • ■ (3-) 

Thus, if the first approximation to the complete s-y curve is consistent 
with the initial gradient we must have 




(3-13) 


In terms of the variable s, (2.4) takes the slightly simpler form 


s = 1 - ^Jexp{-. . . (3.14) 

The iterative treatment of (3.14), by which s is evaluated as a function 
of 7) when D is a known function of s, follows closely that of (2.4) with 
the slight modification due to the disappearance of the factor 1 ID, The 
first approximation to the s-17 relation, from which to start the iter¬ 
ation, is obtained in the manner described above instead of by using 
(2.5). For some D~c relationships 5 is a slowly varying function of 
c for small c so that a small error in 5 corresponds to a much larger error 
in c. For this reason, when the values of s in two successive stages of 
the iteration agree reasonably well, it is desirable to convert the s values 
into c values and to finish the iterative process in terms of c using (2.4). 

The final solution resulting from the iterative process usually approaches 
zero at a value of 17 less than that given by (3.7). If, however, at any 
stage of the iteration s ore becomes zero although ds/dij or dc/dq is not 
zero to the desired order of accuracy, it means that the solution has not 
been extended far enough in 7} and a new approximation should be made 
in which s or c tends to zero with zero gradient at a higher value of 17. 
Sometimes (3.13) provides a useful check on the iterative solutions. 
Thus, if at any stage of the iteration (3.13) is not satisfied, convergence 
cannot be complete. This does not imply, of course, that a solution 
satisfying (3.13) is necessarily the correct one. 

4. Calculated Concentration-distance Curves. —Numerical solutions 



J. CRANK AND M. E. HENRY 1123 

of the diffusion eqn. (2.1) subject to conditions (2.2) have been obtained 
for the following D~c relationships : 

D = 1 + ac t ..... (4*1) 

D = e h °, .(4.2) 

D = 1 + 50 log (1 + he). . . . ( 4 * 3 ) 


In every case D = 1 when c = o and the value of D when c = 1 is deter¬ 
mined by choice of the parameters a, b or k . With one exception the present 
calculations are restricted to a maximum range of about 200-fold in D. 
One solution has been evaluated for an exponentially varying D having 
a range of about 400-fold. The choice of the factor 50 in (4.3) is arbitrary 
and merely gives D-c curves convenient for present purposes. 



Fig. 1. —Concentration-distance curves for D — 1 4- ac. 


Fig. i, 2 and 3 show concentration-distance curves for each type of 
diffusion coefficient represented by (4.1), (4.2) and (4.3). The curves 
are plotted as functions of 17 but since 17 — xl2(D 0 t)t they are readily 
converted into concentration-distance curves at any time t by multiplying 
by the appropriate factor (TV)*. The curves of Fig. 1, relating to D 
a linear function of c, are drawn for chosen values of a, namely a = io, 
50, 100, 200. The corresponding values of D\ are 2*45, 5*1, 7-1, io-i, 
which are approximately equally spaced values. The curves of Fig. 2 
and 3 are drawn for values of D\ which are exactly equally spaced, 
i.e. D\ = 3*0, 4*0, 5*o, 6-o in Fig. 3 and D\ ~ 3-0, 7-0, io*o, 13*0 in 

Fig. 4. The reason for this is clear from Fig. 4, 5 and 6. Here, for each 
type of D, the value of 17 at which c has a certain value, e.g. c = o-i, 
is plotted as a function of D\. In each figure, the graphs for each value 
of c are seen to be linear within the degree of accuracy of the present cal¬ 
culations and over the range of D\ considered. This means that, given 
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a D-c relationship of any of the types (4.1), (4.2) or (4.3) and having 
a value of intermediate between those for which detailed c-17 curves 
are shown, the c- 1? curve can be obtained by linear interpolation in 
terms of D* either on the data of one of the Fig. 1, 2 and 3, or of Fig. 
4, 5 and 6. 

One example of the way in which 5 varies with rj is shown in Fig. 7 
for each type of D-c relation. These curves are of the simpler shape 
anticipated earlier in the paper. The degree of approximation provided 
by the straight lines of gradient - 2 /tt*D* (shown in the figure as broken 
lines) for s > 0*2 is also indicated. The value of rj at which c — o*ooi 
according to the asymptotic formula (3.7) using given by (3.9)* is 
indicated by a cross, showing that a useful estimate of the end point of 
the curve is provided by this means. 



7 ) — */ 2 (D 0 t)i 

Fig. 2. — Concentration-distance curves for D -- e bc . 


5 . (a) Shape of the Concentration-distance Curves. —The shapes of 
the concentration-distance curves are characteristic of the diffusion 
coefficients to which they relate. They do not conform to quite such a 
simple classification as do the corresponding curves in the steady-state. 
Thus Barrer 1 is able to write, with regard to the results of his steady- 
state calculations, that whenever D increases as c increases, concentration- 
distance curves are convex away from the distance axis. Fig. x and 2 
show that this general statement is also true over the greater part of the 
concentration range in the non-steady state when D increases with con¬ 
centration either linearly or at a rate which steadily increases as c increases, 
e.g. an exponential rate of increase of D with c. When 1 ) increases w r ith 
concentration at a steadily decreasing rate, however, the concentration- 
distance curve may become convex dowmwards as in Fig. 3. 

In the region of low concentration there is an important difference in 
behaviour of the concentration-distance curves in the steady and non¬ 
steady states. This difference is a direct consequence of the difference in 
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boundary conditions. In the steady state the condition is that the con¬ 
centration shall have some fixed value, possibly zero, at the emergent 
face of the membrane through which the diffusion is proceeding. When 
the diffusion occurs into a semi-infinite medium, however, the condition 
that the concentration shall approach zero at infinity means that the 
gradient of concentration tends to zero at the limit of penetration into 
the sheet. This produces a point of inflexion in any concentration- 
distance curve which is convex away from the distance axis at high 
concentrations, as in Fig. 1 and 2. 

The shape of the curves at low concentrations is of some practical 
interest. It has been observed • that when, for example, an organic 
liquid is diffusing into a high polymer solid, a sharp advancing boundary 
is visible. The same phenomenon has been observed when water diffuses 



Fig. 3.—Concentration-distance curves for D — 1 -f 50 log (1 

into dry cellulose. 7 In some systems, e.g. the diffusion of various sub¬ 
stances into gels, a similar sharp boundary appears to be due to the fact 
that the diffusing particles react with the medium to form a precipitate 
and are thus withdrawn from the diffusion process. 8 This can hardly 
be the cause in the liquid-polymer systems, however. In this case Hartley • 
has associated the visible boundary with the presence of a high gradient 
of concentration, and hence of refractive index, caused by a considerable 
variation of diffusion coefficient in the neighbourhood of the boundary. 
The present results, however, offer no evidence of locally steep concentra¬ 
tion gradients at low concentrations either for exponentially varying 
diffusion coefficients or for the other types, which vary more rapidly at 
low concentrations for the same overall range. There is, on the other 
hand, a marked tendency for the gradient of concentration to change 

• Hartley, Trans . Faraday Soc., 1946, 42B, 6. 

7 Hermans and Vermaas, J. Polymer Sci., 1946, i t 149. 

8 Hermans, J. Colloid Sci., 1947, 3 , 3^7* 
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rapidly at low concentrations, i.e. the concentration distribution ter¬ 
minates more abruptly when D is an increasing function of c than when 
it is constant. This effect is least marked for an exponentially varying 
D but even there the rate of increase of gradient is much greater than for 
a constant D for which the rate of penetration is comparable, as shown 
by the broken line on Fig. 2. A complete explanation of the sharp 
advancing boundary involves a knowledge not only of the concentration- 
distance distribution but also of the refractive index concentration re¬ 
lation. It seems likely, however, that the boundary can be associated 
with an abrupt termination of the concentration distribution not neces¬ 
sarily accompanied by a locally steep concentration gradient. 

(b) Rate of Penetration of a Fixed Concentration. —In any system 
in which the diffusion coefficient is constant its value can be determined 
by observing the rate of penetration of any known concentration. Thus 
for a constant coefficient D 0 we have the relation 

c — 1 — erf {*/2(ZV)*}, .... (5.1) 

from which x!(D 0 t)t can be calculated for any known value of c. If 



now xjt\ is measured experimentally by observing the depth of penetra¬ 
tion of the concentration concerned at successive times, the coefficient 
D 0 is determined. Earlier in the paper D 0 has been used to denote the 
value of the diffusion coefficient at zero concentration of diffusing sub¬ 
stance. The rate of penetration of the same concentration for any other 
constant diffusion coefficient, say DD 0 , is determined by the condition 
that xl2(DD 0 t)l is constant and the plot of D\ against xj2(D 0 t)i is a straight 
line. The gradient of the line depends on the particular concentration 
considered according to (5.1). Examples for 0 = 0-5 and o*ooi are shown 
as broken lines in Fig. 4. They have a practical significance of some 
interest. 

Thus if the rate of penetration of a fixed concentration, indicated per¬ 
haps by a sharp boundary, is observed in a system in which the diffusion 
coefficient is not constant but is concentration dependent, the value of 
the coefficient derived by use of (5.1) as above represents some mean value 
over the relevant concentration range. In the past it has not been 
possible to assess the significance of the mean observed in this way, but 
some useful conclusions can be drawn from Fig. 4. Thus, suppose a 
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concentration of o*ooi is observed to advance at a rate for which 
xl2(D 0 t)i = 5*o. The mean value of D, on the assumption of no con¬ 
centration dependence, would be read off the broken line for 0 = o-ooi 
and would be (2*15)* = 4-62. If the diffusion coefficient actually varies 
linearly with concentration, however, the integrated mean over the whole 
concentration range, which has been denoted by D lt is equal to 



Fig. 5.—Constant concentration lines for D — e bc . 



( 3 » 55 ) a = 12*60, as indicated by the full line curve in Fig. 4 for c = 0*001 
and *l 2 (D 0 t)t = 5*0. This value of D x implies that D = 1 + 23*20 c 
and hence the mean value of D deduced from the penetration observation 
is the integrated mean over the concentration range o < c < 0*24. 
From Fig. 5 and 6 it is clear that the mean value of D measured by the 
rate of penetration of a low concentration, c = o-ooi, is always weighted 
towards the low end of the concentration range. The discrepancy be¬ 
tween the result of the penetration experiment for this concentration 
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and Dj is greater for an exponentially varying D than for either of the 
other types. The penetration experiment yields a coefficient closer to 
the value of the variable coefficient at c = o*ooi than to Dj. 

When the corresponding broken line is plotted for c = 0*5 it is found to 
lie above the plot of D\ against rj for the same concentration. Thus a 
penetration experiment in which a concentration of 0*5 is observed yields 
a mean weighted towards the higher end of the concentration range. In 
general, the significance of the mean diffusion coefficient obtained by a 
penetration experiment depends very much on the concentration observed 
and on the way in which the diffusion coefficient varies with concentration. 
Clearly for each D-c relation there is some concentration between 
o*ooi and 0*5 for which the penetration experiment yields D t exactly. 
This concentration depends somewhat on the D-c relation but the results 
suggest that if the rate of penetration of a concentration about 0*2 is 
observed the constant diffusion coefficient deduced will be a reasonable 
approximation to Dj for each of the above D-c relations. 

(c) A Method of Measuring Variable Diffusion Coefficients. —A new 
method of evaluating concentration-dependent diffusion coefficients was 
proposed in Part I and has since been applied successfully in practical 
cases.** • The experimental technique involved is comparatively simple 
and consists in measuring the overall rates of absorption of penetrant 
by plane sheets of material suspended in penetrant vapour at different 
pressures. The mathematical analysis of the sorption-time curves, by 
which the diffusion coefficient is derived, consists in obtaining successive 

approximations to J^°DdC for a number of values of the upper limit C 0 

which is the concentration at the surface of the sheet. Differentiation 
of the graph of the integral against C 0 then yields D as a function of C. 
A mean diffusion coefficient D is deduced from each sorption-time curve, 
the mean chosen being the constant diffusion coefficient for which the 
theoretical sorption-time curve reaches 50 % equilibrium sorption at the 
same time as the experimental curve. It is shown * that 

D = 0-04939/(Do///*)*.(5.2) 

where (*//*)* denotes the value of t/l 2 at which 50 % sorption is attained 
and l is the thickness of the sorbing sheet. As originally proposed the 
method was to obtain a first approximation to D by assuming that 

D = (i/Qj^DdC.(5-3) 

It was then necessary to carry out quite extensive calculations in order 
to obtain a better approximation to the integral, for the D just derived, 
than is afforded by (5.3). By using the data presented in Fig. 8 much 
of the calculation can be avoided. The three graphs show the relation 

— I fC'o 

between D and yz-\ DdC, which is D t in the present nomenclature, for 

the three types of D considered above. Thus suppose the first ap¬ 
proximation to D obtained by using (5.3) is exponential in form, second 
approximations to D, for the observed values of D can be obtained from 
the appropriate curve of Fig. 8. The second approximation to the D-c 
relation follows by differentiation but without extensive calculation. 
Unless particularly high accuracy is required a sufficiently good ap¬ 
proximation to D r can be obtained from Fig. 8 even if the D-c relation 
is not exactly one of the 3 types considered above. Thus the difference 
in Dj between the exponential and linear types for a given D is about 
10 % of D so that the error in interpolating for an intermediate type of 
D is probably less than 5 %. 

• Park, Trans. Faraday Soc. (in preparation). 
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Fig. 8.—Relation between and D. 

(i) Constant D. 

(ii) D *=■ i + 50 log (1 4 - he). 

(iii) D - 1 + (ic, 

(iv) D = e*«\ 
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VARIABLE DIFFUSION COEFFICIENT 


Along the broken line D l = D in Fig. 8, D takes a succession of con¬ 
stant values. This line, therefore, appears to be the limiting position 
of the graphs of Fig. 8 since it corresponds to diffusion coefficients which 
increase instantaneously at c = o to their final value and then remain 
constant over the whole of the concentration range. Thus the error 
involved in interpolating for any D which increases with c increasing at 
a steadily decreasing rate is also small. 

(d) A Simple Method of Calculating Approximate Concentration- 
Distance Curves —Fig. 8 can also be used to obtain a good approximation 
to the concentration-distance curve for any D which increases with c 
increasing, by a refinement of the method described in § 3 for obtaining 
a first approximation in the iterative process. Thus for a finite sheet 
of thickness l we have 



provided the sheet is still behaving as a semi-infinite one. Under such 
conditions, for a constant diffusion coefficient, Z)Z) 0 , there is the well- 
known solution 10 

M t _ 4 /DD 0 t\l 

mZ ~ 7r*\ P ) 9 

and when M t jM 00 = 1/2, 

this becomes D — (7^/64)/(D 0 /// 2 )^, 

which is numerically equivalent to (5.2). Combining (5.7) with (5.6) 
and (5.4) gives 

- ( 5 /*)*..(5.8) 

Finally by substituting (5.8) in (3.13) we obtain 


• ( 5 - 5 ) 

• ( 5 - 6 ) 

• ( 5 - 7 ) 


/ds\ 2 Dk 

W „_ 0 ' (5 ' 9) 

The approximation to the initial gradient used in § 3 was — 2 jr^D 
which follows from (5.9) on writing D = D x . Fig. 8, however, provides 
a better estimate of D and hence of the initial gradient of the s-77 
curve. Thus an approximate s-~tj curve, and hence of course a c-ri 
curve, can be obtained by following the procedure described in § 3 but 
using (5.9) for the initial gradient instead of — 2 ln*D\. The remainder 
of the s -rj curve should be drawn so that (3.13) is satisfied. 


Courtaulds, Limited , 

Research Laboratory , 
Maidenhead , Berks. 


10 McKay, Proc. Physic. Soc ., 1930, 4 2, 547. 



RELATIVE INTENSITIES IN THE RAMAN SPECTRA 
OF SOME GROUP IV TETRAHALIDES 

By L. A. Woodward and D. A. Long 
Received nth July, 1949 

Considerations based on the Placzek theory show that, when the usual Wood’s 
tube method of Raman excitation is used, the calculation of relative mean de¬ 
rived polarizabilities a from observed relative Raman intensities is only possible 
for specially selected molecules and vibrational modes. The Group IV tetra- 
halidcs and their symmetrical breathing modes satisfy the requisite conditions. 
Values of a for a number of these compounds are deduced from the corresponding 
Raman intensities, as determined relative to CC 1 4 by photographic photometry 
of the spectra of suitable binary mixtures. The results are quite at variance 
with the assumption, previously made by Hansen-Damaschun, that a is simply 
proportional to the degree of covalent character of the bond involved. The 
measured values for the typical and Group IVb tetrahalides XY 4 conform 
approximately to the simple empirical rule that a is proportional to the product 
of (i) the sum of the atomic numbers of X and Y and (ii) the percentage covalency 
of the X—Y link as obtained by Pauling's relation from the electronegativities. 
The tetrachloride of titanium, the only Group IVa compound investigated, 
does not obey the rule. 


According to the Placzek theory 1 an important quantity determining 
the intensity of a vibrational Raman line is the derived polarizability 
a' which is defined as (doc jbq) 0 , where a is the polarizability of the mole¬ 
cule, q is the normal co-ordinate of the vibration and the subscript de¬ 
notes that the value is taken at the equilibrium configuration. The view 
has been expressed by Placzek 3 and others that when the chemical bonds 
affected by the vibration are of the covalent type, i.e. when the electrons 
involved are shared by the nuclei, a' (and consequently the Raman in¬ 
tensity) will be greater than when the bonds are of the ionic type, i.e. 
when the electrons belong entirely to their respective nuclei. Placzek 
goes so far as to say 3 that in the ionic case the polarizability will be 
independent of intemuclear distance, so that no Raman effect will appear. 
The latter conclusion cannot be strictly true, however : the polarizability 
of an assemblage of ions will not be merely the sum of the polarizabilities 
of the separate ions, since the magnitude of the dipole produced in any 
particular ion by an external field will be modified by the fields of the 
dipoles produced in the other ions. Since this mutual effect depends on 
the distances between the ions, the polarizability of the whole assemblage 
will not be strictly independent of these distances, i.e. the derived polar¬ 
izability and hence the intensity of the vibrational Raman effect will 
not be expected completely to vanish. 

The observations of Krishnamurti 4 have been taken as providing 
qualitative support for the general expectation that covalently linked 
molecules will give strong Raman spectra and ionically linked mole¬ 
cules weak or unobservable Raman spectra. 

Apparently only one quantitative investigation has hitherto been 
undertaken, in which Hansen-Damaschun 5 measured the relative inten¬ 
sities of certain Raman lines of a number of compounds using the 

1 Placzek, Handbuch d. Radiologie, 1934, 6, (ii), 205. 

* Placzek, loc. cit. 1 , p. 366. 3 Placzek, Leipziger Vortrdge , 1931, p. 92. 

4 Krishnamurti, Indian J. Physics, i 93 °» 5 > IX 3 - 

* Hansen-Damaschun, Z. physih. Chem. B, 1933, 23 > 97 * 
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conventional Wood's tube arrangement* and deduced therefrom the 
relative mean-value invariant a of a' (see below). The relative degrees 
of covalent character of the bonds involved were then calculated on the 
assumption of simple proportionality to a. 

This work of Hansen-Damaschun is open to several criticisms. In 
the first place the use of a Wood's tube, for which there is no well-defined 
relation between directions of illumination and observation, destroys the 
significance of measured relative intensities, except when the mole¬ 
cular species and vibrational modes to be compared are specially selected. 
Secondly, it follows from the Placzek theory that certain not inconsider¬ 
able factors, omitted by Hansen-Damaschun, should be taken into account 
in deducing the value of a from the observed intensity. Lastly, it appears 
desirable to investigate the validity of the assumption that a is a direct 
measure of degree of covalent character of chemical binding. 

In the present paper the principles of the determination of relative 
a values from observed relative Raman intensities are examined on the 
basis of the Placzek theory; an account is then given of determinations 
on a number of Group IV tetrahalides ; and finally the relation of a to 
bond character is discussed. The assumption of Hansen-Damaschun, 
that the degree of covalent character is simply proportional to a, is not 
borne out by the results ; and an alternative approximate empirical 
regularity is put forward. 

Raman Effect Intensity and Derived Polarizability. —In this section 
is given a brief derivation, based on the Placzek theory, of the re¬ 
lation to be used for the calculation of relative a values from experi¬ 
mentally determined relative intensities of vibrational Raman lines. 
Let the irradiation be with light of frequency v 0l assumed to lie sufficiently 
far from any absorption region of the substance under investigation. 
Consider a Raman line arising from a transition in the molecule (con¬ 
sidered for the present as unable to rotate) from an initial state character¬ 
ized by a set of vibrational quantum numbers n to a final state character¬ 
ized by a set m. Let the frequency of this line be designated by v 0 — v nm . 
The intensity I nm of this line can then be written 

Inm — KM(v 0 — v nm )* [P]J m . . . (i) 

in which K is a constant, M is the molar concentration of the scattering 
substance and the tiansition probability factor is given by 

[P].« = J^P^dr, 

where P is the induced dipole moment vector, and are the time- 
independent portions of the vibrational wave functions for the initial 
and final states and the integral is to be extended over the whole of co¬ 
ordinate space. 

In general the polarizability a of the molecule is a (symmetrical) 
tensor of components 

(Xfljx GCjry & xt 

a** a, w a„ 

a * * a *¥ a ¥* 

with a** — a,* etc., the subscripts referring to a co-ordinate system 
fixed in the molecule and in space. Application of an electric field whose 
strength has the components E x , E v and E t will produce in the molecule 
a dipole moment whose x component P z is given by 

P» = Ea-a*. + E v a w + E.a,,. 

Analogous expressions may be written for P ¥ and P g . In the case of 
•Wood, Physic. Rev. t 1930, 36, 1421. 
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incident light exciting the Raman line involving the transition n -> m 
the corresponding expression for [PJ nm is 

*]nn ^ ■^'arE^asasJ nm H” -^vC a »v]«m "1” • • (^) 

where E m , E, and E B are now the amplitudes of the electric vector of the 
incident light and 

[««*]«« = etc. 

In general each of the tensor components a** etc. changes when the 
nuclei are displaced from their equilibrium positions and, following 
Placzek, we may write 

= (*..)• + 2(-^s=) + • • • 

in which q { is a normal co-ordinate of displacement and the zero sub¬ 
scripts refer to the equilibrium position. Neglecting higher powers of 
the small displacements q { , we obtain 

[«..] M = («..)o J Mmdr + !£ (~) o Jdr . . ( 3 ) 

in which and t// m are functions of all the q ft The first term on the right- 
hand side obviously vanishes because of the mutual orthogonality of 
lA« and *!> m . 

Let the initial and final states be characterized respectively by the 
sets of vibrational quantum numbers n lt n it . . . and m lt m t , 

. . . m tt . . . Then assuming the vibrations to be simple harmonic, we 
can write 

<l>, — <pn l {q,)<pn t (q t ) ■ ■ ■ <l>n t (q t ) .... 

and </> m = • • • ■ 

Inserting these values of and into the eqn. (3) and bearing in mind 
that all integrals of the type vanish unless n f = m, 

and that all those of the type vanish unless w, — w, i 1, 

it follows that [a*J nm vanishes unless for only one normal vibration the 
quantum number changes by unity, i.e. only fundamentals are allowed 
in the Raman effect. 

Consider now the Stokes Raman line corresponding to the fundamental 
of the Ath normal mode of vibration, i.e. to the transition for which 
n k = m k — 1 and n = m for all other modes. We obtain in this case, 

[<*«]»*«* = (j^f) • • ( 4 ) 

Omitting the subscripts h for simplicity, writing for the component 
(boL xx ftq k ) 0 of the derived tensor a', and inserting the known value of the 
integral, 7 eqn. (4) becomes 

[ nm “ 

where /1 and v are respectively the reduced mass and the fundamental 
frequency of the &th vibrational mode. 

Using the above value of [«,.]„*, and the analogous values of the other 
components, eqn. (2) may be written 

[■PJ.« = + E ’ a » + • (5) 

7 See, e.g., Pauling and Wilson, Introduction to Quantum Mechanics (McGraw 
Hill Book Co., New York, 1935), p. 82. 
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Thus far we have considered the molecule as unable to rotate, the 
co-ordinate system x t y, z being fixed relative to the molecule (as well as 
in space). At ordinary temperatures, however, rotational states will 
be strongly excited. We therefore go over to a co-ordinate system X, 
Y, Z fixed in space. The appropriate value of the intensity of Raman 
scattering is then obtained by averaging over all orientations of the mole¬ 
cule. For this purpose it is convenient to introduce two quantities associ¬ 
ated with the derived tensor a', viz. the mean value a and the anisotropy y : 


a ~ i ( a ** + + ql zz ) 

~ tx W') 8 4 6 ( a jrr 2 + ct rz 2 -f a^y 8 ) j. 

Both a and y are invariants of the derived tensor, i.e. their values are 
independent of the orientation of the molecule relative to the co-ordinate 
system X, Y, Z. For the averaging of scattered intensity over all 
orientations of the molecule, we require the corresponding average values 
of the squares of the components of the derived tensor relative to the 
co-ordinate system fixed in space. These may be shown to be given by : 


( x’xx)* — ( a rr)* = (<* 'zz } 2 — *s (45 a ‘ + 4 y 8 ). • • ( 6 ) 

(<*xr ) 2 = ( a rz ) 2 =■■ ( *zx ) 2 ~ iV Y 2 ■ ■ • ( 7 ) 

Consider now irradiation along the positive Z axis by natural light. 
In this case we have E x = E r — E and E z = o. The intensity and state 
of polarization of the scattering depend on the average values of the 
squares of the components of [P] nm which, by (5), (6) and (7) are 


[■P*]L = 
Frit. = 
IP 3 L = 


{ n + i) h 

Hn 2 fxv 

(n + 1 )h 


(” + 1 )h 

8 n‘ 


+ e s (^T s } = 


(w + i)h FJ 
8 ir*HV 45 
(n + 1 )h E* 
45 


8it 2 iiv 

(w + 1) h E* 

8 ir*fiv 15 


(45«* + 7 y‘). 
(45«* + 7y*). 


2y z 


Hence we may deduce at once an expression for the degree of depolar¬ 
ization p n for scattering at right-angles to the direction of irradiation— 
a quantity to which reference will be made again below. Taking the 
direction of scattering as along the X axis, the effective components of 
[P] rim are [P z ~\nm and [Py] nm * Hence p n , defined as the ratio of the in¬ 
tensities of the corresponding polarized components of the scattered light, 
is given by 


6y a 

45« 2 4 7 y*’ 


( 8 ) 


The irradiation being still with natural light and along the positive 
Z axis, consider the intensity of scattering in any selected direction making 
the angle 6 with the direction of irradiation. We resolve the components 
[-Pjr]nm» [PyJ nyit» [P z ] nm at right-angles to the direction of scattering and 
add the mean square contributions, thus obtaining the following effective 
value of [P]L : 


S{ (45a * + 7y,)(I + cos ’ e) + 6yt sin> fl } - • (9) 

At ordinary temperatures the majority of the scattering molecules 
will be in the lowest vibrational level (« = o), but some will be in higher 
vibrational levels for which the probability of the Raman transition, 
being proportional to n + 1, is greater. This must be taken into account 
in calculating the intensity of scattering. Let / p , f lt . . / r , . . . be 
the fractions of the molecules with n = o, 1 , . . . r, . . . Then the 
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intensity will be proportional to the total number of molecules present 
(i.e. to the molar concentration M) and also to 2 f r { r + *)• Since 

t 

f r = e - <«• + k)hvlhT / 2 Ee - tr + 

it may easily be shown that 

S/rfr + 1) = [1 - \ . . . (10) 

From (1), (9) and (10) it follows that the intensity of Raman scattering 
in the direction 0 will be 


h “ *>/*r) { (45a * + 7y * )(l + cosS 0) + 6y * sin ‘ *}’ (II) 

where / 0 (proportional to E a ) is the incident light intensity and K f is a 
universal constant. 

When the convenient Wood's tube technique is used (as by Hansen- 
Damaschun and in the present work) there is no defined angle 0 between 
the directions of irradiation and scattering. If we consider only light 
which is “ observed " by the spectrograph, then for each volume element 
of the scattering liquid there is a range of 0 values ; and for each 0 there 
is a range of directions of irradiation, summation over which gives a certain 
effective intensity of irradiation. Summation over the volume of the 
Wood's tube will then give a certain effective intensity of irradiation 
{ 1 0)0 f° r each value of 0 . The observed intensity is obtained by integrat¬ 
ing over the whole range of 0 . 

For the determination of relative intensities the device adopted in 

the present work is to use a mixture containing the two substances to 

be compared in known molar ratio, so that in the integration ( 7 0 )^ is 
identical for both. Using subscripts 1 and 2 to denote the two substances, 
the expression for the observed intensity ratio is then 

/a Af 2 /y 0 —i^N 4 I — e h*ilhT 

7 X j Af x \v 0 — vj p. 2 v t I — e ~ h^,hT 

J(^o)q{( 45« * + yyjH 1 + cos 2 e ) + 6 ri sin * d ) de il2) 

/(^o)a{(45«? + 7y?)(i + cos 2 0 ) + 6 r * sin 2 0 }& 0 ' 

Since the dependence of (/<,)# upon 0 is not known, the two integrals can¬ 
not be evaluated and the result can only have meaning provided that 
cancellation occurs. This will be so if y*/af = yj/tf}. Reference to (8) 
shows that this is equivalent to the condition that (p^i = (p n )%- 

An important special case in which this condition is fulfilled is when 
(p n ) t = o — (p n ) 8 . This is in fact realized if, as in the present work, we 
select for investigation the symmetrical breathing mode of vibration of 
spherically symmetrical molecules such as the Group IV tetrahalides. In 
this case y x = o = y % and the value of the observed intensity ratio (12) 
reduces to 

V M,/ v, - v , \ 4 mi^i i ~ e ~*"iv fc r /aA» 

~ M 1 U. - yj /*,•'! 1 - e-**w*na,/ ' ' 

This is the expression which is used below to calculate relative mean 
values a of derived polarizabilities from experimentally determined 
relative Raman intensities. 

It may be noted that, with the above special choice of molecular and 
vibrational symmetry, the state of polarization is identical for both the 
lines under investigation, so that no “ apparatus correction ” is required 
on this account in the measurement of their relative intensities. 
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Experimental 

The spectrograph used was a Hilger constant-deviation glass instrument 
fitted with a special F/6 camera. The linear dispersion in the region of the 
Raman lines excited by Hg 4358 A was approximately 63 A/mm. Special 
care was taken, by the interposition of suitable screens, etc., to prevent light 
reflected inside the instrument from reaching the photographic plate. 

The liquid mixture under investigation was contained in a glass Raman 
vessel of the Wood's tube type (capacity about 60 ml.) fitted with a glass jacket 
through which a suitable filter liquid could be passed continuously during an 
experiment, thus maintaining a constant temperature. The actual temper¬ 
ature ranged from 20 to 25 0 C in different experiments. The exciting light 
source was a straight Hanovia 250-W mercury arc run off the a.c. mains. Source 
and Raman tube were surrounded by an elliptical metal reflector, the whole 
assembly being mounted on adjustable legs to enable the Raman tube to be 
carefully aimed relative to the spectrograph collimator. The window of the 
tube was placed directly in front of the spectrograph slit, suitable stops being 
interposed to prevent primary light from entering the instrument. The ex¬ 
posure times for the Raman spectra were from 5 to 10 min. The plates chosen 
were Ilford Press Ortho (Series II). A glycine developer was used under 
standardized conditions. 

By means of a tungsten band lamp, supplied from the a.c. mains by a 
suitable transformer, a set of continuous spectra were photographed on each 
plate to serve as calibration marks. An image of the central portion of the 
tungsten band was produced on the spectrograph slit by means of two lenses 
arranged so that the light between them was parallel. The standard intensity 
marks were obtained by interposing successively into the parallel beam, six 
wire gauze screens whose transmissions (ranging from 10 to 60 %) had been 
previously determined under analogous conditions by the National Physical 
Laboratory. Up to four Raman spectra were photographed on each plate, 
the time of exposure being the same as for the standard continuous spectra. 
Thus reciprocity failure of the plate was avoided. 

It may be noted that, since an a.c. mercury arc was used, the exciting light 
and consequently the Raman scattering were pulsating at 100 c./sec. : for the 
band lamp, on the other hand, this pulsation was relatively small. Reference 
to the data of Webb, 8 however, shows that this cannot give rise to any appreci¬ 
able “ intermittency ” error in the intensity measurements. 

A Cambridge Instrument Company recording microphotometer was used 
to determine for each plate the characteristic curves at tile wave-lengths X t 
and A, of the two Raman lines whose relative intensities were to be measured. 
The intensity scales of the two curves are not the same because of the wave¬ 
length dependence of the emission from the tungsten band lamp. In order to 
take this into account the optical temperature of the central portion of the band 
was determined (within ± 5 0 C) by means of an optical pyrometer of the dis¬ 
appearing-filament type using a selective filter (A 6600 A). From this optical 
temperature the true temperature of the band was calculated from the Wien 
law, taking into account the transmission of the glass envelope of the lamp and 
the emissivity of tungsten at 6600 A.® From the true temperature so obtained 
the ratio of the intensities of emission at X 1 and A, was computed from the 
Wien law, using the appropriate values of the emissivity of tungsten.* This 
ratio was duly taken into account in the relative intensity determinations. 

It may be noted that, in the use of continua as standard marks for the 
measurement of the relative intensities of lines at different wave-lengths, 
correction should be made for the effect upon the densities of the former due 
to variation of the dispersion of the spectrograph with wave-length. However, 
in the present work the wave-length difference of the pairs of lines investigated 
was always so small that no appreciable correction was in fact necessary on 
this account. 5 

The microphotometer traces of the Raman spectra excited by Hg 4358 A 
showed that the lines to be measured were always superimposed upon a rela¬ 
tively weak continuous background. The peak intensity of each line was 
determined by subtracting the background intensity (as determined from the 
appropriate characteristic curve) from the similarly determined total intensity 
at the peak. Then by reversing the above procedure the ordinate of the photo¬ 
meter trace corresponding to half the line peak intensity above the background 

* Webb, J. Opt. Soc. Amer., 1933, 23, 157 and 316. 

• Forsythe and Adams, ibid., 1945, 35, 108. 
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was calculated, and the width of the line trace at this ordinate measured with 
a travelling microscope. The product of line peak intensity and half-intensity 
width was taken as a measure of line intensity. 

The Raman lines chosen were those corresponding to the symmetrical 
breathing modes v x of the tetrahalides. The intensities were all measured 
relative to carbon tetrachloride. The method adopted in all cases except that 
of germanium tetrachloride, to which special reference will be made below, 
was to prepare mixtures with carbon tetrachloride in known molar ratios, so 
that the Raman lines to be compared were excited under identical conditions. 

a.r. CC 1 4 was fractionally distilled for use. The other compounds investi¬ 
gated were SiCl 4 , GeCl 4 , SnCl 4 , CBr 4 and TiCl 4 . All the liquids were fractionally 
distilled : the CBr 4 was recrystallized from ethyl alcohol and sublimed in vacuo 
before use. Suitable precautions for the exclusion of moisture were taken in 
preparing the mixtures involving the tetrachlorides of Si, Ge, Sn and Ti. Pre¬ 
liminary tests were carried out to discover in each case the approximate molar 
ratio which would give densities of the two v x lines on the photographic plate 
favourable for the photometric measurements. Then mixtures of suitable 
molar ratios were prepared by weighing. Ail the mixtures were quite clear and 
colourless. At least two different molar ratios were investigated for each 
compound (except TiCl 4 ). In no case was there any significant difference be¬ 
tween the measured values of (/ t/IiHMJM a ) at different molar ratios. 

In the particular case of GeCl 4 the v t line coincides approximately with the 
v, line of CC 1 4 , and so the desired relative intensity of the v x line of GeCl 4 could 
not be determined, as for the other compounds, by direct comparison. Its 
intensity relative to the corresponding line of CBr 4 was therefore measured, 
the intensity of the CBr 4 line relative to the v x line of CC 1 4 being known from 
another determination. Preliminary tests indicated that the solubility of 
CBr 4 in GeCl 4 might not be sufficient to enable binary mixtures to be prepared 
with molar ratios that would give suitable line densities. Accordingly some 
CC 1 4 was mixed with the GeCl 4 before the CBr 4 was dissolved in it. In this 
way mixtures were prepared containing GeCi 4 and CBr 4 in suitable known 
molar ratios. 

In order to absorb ultra-violet and so prevent possible slight fluorescence 
due to traces of impurity in the substances under investigation, an acidified 
ferric alum filter solution was passed continuously through the cooling jacket of 
the Raman tube during the exposures. In the experiments involving CBr 4 , how¬ 
ever, it was necessary to take special measures to prevent the liberation of free 
bromine by photochemical decomposition. The cooling and filter liquid here 
used was a solution of sodium nitrite (750 g./l.). Even with this filter a small 
amount of photochemical decomposition was inevitable. Preliminary tests 
were accordingly made with CBr 4 —CC 1 4 mixtures to which known small 
amounts of allyl alcohol had been added. These mixtures were irradiated 
under the same conditions as for the actual Raman exposures, and from the 
time required for the appearance of free bromine it was concluded that the 
percentage of CBr 4 photochemically decomposed in the course of an actual 
experiment would be only a small fraction of 1 % and therefore quite negligible. 
For the Raman exposures from which the relative intensity determinations 
were made, two drops of allyl alcohol were added to each of the mixtures in 
order to remove the small amount of bromine formed. 

The results obtained may be exemplified by giving the experimentally 
determined values of (/ a / 7 x ) (AJ r 1 /A/ a ) for the mixtures of GeCl 4 (subscript 2) 
and CBr 4 (subscript 1). Two different molar ratios were investigated. At 
the first (M l /M t = 0*526) the following 10 values were obtained from spectra 
upon 3 different plates : 0*772, 0*758, 0*815, 0*887, °*^94. 0*857, °’S43. 0*806, 
0*890, 0*937. The mean of these is 0*846. The greatest individual deviation 
from the mean is about 11% and the average absolute deviation is about 5$ %. 
At the other molar ratio (JV/j/Af, — x*16) the following 14 values were obtained 
from spectra upon 4 plates : 0796, 0*948, 0*910, 0*951, 0*811, 0796, 0*792, 
0799, 0*836, 0*880, 0*929, 0*793. 0*744, 0*774. The mean is here 0*840, the 
maximum individual deviation being 13% and the average absolute deviation 
7 %. There is satisfactory agreement between the two mean values at the 
two different molar ratios. The grand mean of all the determinations is o*84 a . 
The limits of experimental error in this value are not easy to assess, but may 
perhaps not unreasonably be taken as ± 5 %. 

For CBr 4 (subscript 2) relative to CC 1 4 (subscript 1 here and subsequently) 
the mean value of (2 i/Z^fAf^/Af,) ^ rom determinations at two molar ratios 
* 5*42 and 8*21) was 3*80. Combination of this result with that given 
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above for GeCl 4 relative to CBr 4 gives the value 3*20 for GcC 1 4 relative to the 
chosen standard CC 1 4 . 

For SiCl 4 relative to CC 1 4 the mean of determinations at two molar ratios 
(MjMf = 1 *oi and 2*00) was 1*04. For SnCl 4 the mean of determinations at 
three molar ratios ( M x /M a =* 3*04, 5*55 and 7*24) was 4*76. Lastly, for TiCl 4 
the mean of determinations at M x /M 3 = 5*84 was 7*48. The v x line of CC 1 4 
taken as reference standard is well known to be a strong one; the corresponding 
line for TiCl 4 is very strong indeed. 

In connection with the probable accuracy of the above results it is to be 
borne in mind that we have taken the product of line peak intensity and half- 
intensity width as a measure of line intensity. This is admittedly an ap¬ 
proximation. Ideally it would be preferable to take the integrated area on an 
energy-wave-length curve. In fact the photometer trace does not provide such 
a curve, on account mainly of the characteristics of the photographic plate. 
Nor is it feasible in practice to construct from the photometer trace an intensity- 
wave-length curve from which the desired area can be obtained with accuracy. 
The compromise adopted should, however, give reasonably good results in the 
comparison of the intensities of lines of similar profile, such as are here 
involved ; but uncertainty is introduced when (as in general was the case) the 
lines are superimposed upon a continuous background which has a pronounced 
slope. 

There is also a further circumstance that may detract to some extent from 
the quantitative significance of the measured intensity ratios. Only v x lines 
were investigated for which, in the spectra of the mixtures, there w'as no for¬ 
tuitous superposition of any other Raman line excited by Ilg 4358 A. As is 
well known, however, this strong exciting line is accompanied by a relatively 
feeble companion at 4348 A (and an even more feeble one at 4340 A). The 
correspondingly weak Raman lines to which these must give rise are not ordin¬ 
arily observed in photographic work ; but with our mixtures they may in certain 
cases be fortuitously superimposed on one or other of the v x lines excited by 
4358 A and so have an effect on the measured intensity ratios. For instance, 
in a mixture of SiCl 4 and CC 1 4 the v x line of SiC'l 4 excited by 4358 A may have 
a certain contribution from the approximate coincidence of the relatively weak 
Vj line of CC1 4 excited by 4348 A. This would cause the measured relative 
intensity for SiCl 4 to be somewhat too high. Also in a mixture of CBr 4 and 
CC 1 4 there is an approximate coincidence of the relatively w'eak v t line of CC 1 4 
excited by 4348 A with the v x line of CBr 4 excited by 4358 A, and so a similar 
effect on the measured relative intensity may be present. The magnitude of 
this effect will in all cases vary with the molar ratio of the substances in the 
mixture ; and since no appreciable difference was found in the measured values 
for different molar ratios, it was concluded that the effect was small, and no 
correction for it was applied. In principle, of course, this effect could be avoided 
by determining the relative intensities from successive irradiations of the single 
substances, instead of by using binary mixtures. But it was felt that the results 
obtained by the former method would be less reliable owing to the impossibility 
of reproducing exactly the same conditions of irradiation for the two substances 
to be compared. This identity of irradiation, essential to the measurement, 
is of course realized perfectly by the procedure actually adopted. 

Altogether it is clear from what has been said above that the experi¬ 
mental intensity ratios cannot be very precise. The rounded values, relative 
to CC 1 4 as unity, are: SiCl 4 , i*o 4 ; GeCl 4 , 3*2 ; SnCl 4 , 4*8 ; TiCl 4 , 7*5; 
CBr 4 , 3*8. 

Only one comparison with a result of other workers is apparently possible. 
Welsh, Crawford and Scott 10 have recently given the value 5-0 for SnCl 4 with 
the estimated error limits ± 5 %. The agreement with our result is seen to 
be satisfactory. The same workers also give the value 14 for SnBr 4 , a compound 
that we have not yet investigated. 

Using eqn. (13) the relative mean values [a x !a x ~ a) of the derived polar¬ 
izabilities may be calculated from the measured values of (1 t /I x )(M x /M t ) just 
given. For SnBr 4 the temperature T was taken as 25 0 C. The a values so 
obtained are: CC 1 4 , i*oo (standard); SiCl 4 , 0*96; GeCl 4 , 1*6; SnCl 4 , 1*9; 
TiCl 4 , 2*4 ; CBr 4 , 2-0 ; SnBr 4 , 3*3. It may be noted that, since the calculation 
involves taking the square root, the limits of percentage error of the a values 
are smaller than for the relative intensities. 


10 Welsh, Crawford and Scott, J. Chem. Physics , 1948, 16, 97. 
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Discussion 

Each of the values of a given above is the relative mean value of the 
derived polarizability of the molecule as a whole for the symmetrical 
breathing mode of nuclear displacement. If we regard the polarizability 
of each molecule as made up of four equal contributions from its four 
bonds, then it follows from the regular tetrahedral symmetry that the 
relative a values apply equally well to the individual bonds. 

A glance at the a values shows that they are quite out of harmony 
with the assumption made by Hansen-Damaschun (see above) that a 
is directly proportional to the degree of covalent character of the bond. 
There is plenty of evidence that the degree of covalency of the bonds 
in CC 1 4 is greater than that of those in SnCl 4 : yet the a value is much 
greater for the latter compound than for the former. 

If we exclude the tetrachloride of titanium (which alone of the com¬ 
pounds investigated belongs to Group IVa and will be considered below) 
and confine ourselves to the tetrahalides of the typical Group IV elements 
carbon and silicon and of the Group IVb elements germanium and tin, 
it appears that the value of a for a compound XY 4 depends mainly upon 
the position of X and Y in the periodic table. Thus with the single 
exception of SiCl 4 , the value of a is always increased if either X or Y is 
replaced by an element of higher atomic number. In this connection it 
is interesting that also in the series SF 6 , SeF e , TeF e it has been observed 
qualitatively 11 that the Raman effect intensity increases in the order 
given. 

Nevertheless, it appears that the degree of covalent character of the 
bonding also plays a part. Thus for SiCl 4 we may suppose that the 
increase of a to be expected from the replacement of carbon by silicon 
of larger atomic number is offset and, in fact, just outweighed by the 
decrease of a due to the smaller degree of covalent character of the Si—Cl 
bond. In order to deal with this sort of effect in a more quantitative 
manner, it is desirable to have some measure of degree of covalent char¬ 
acter. Such a measure, at least approximate, has been suggested by 
Pauling. 12 From bond energy considerations he has ascribed to each 
element an electronegativity x and has proposed the empirical equation 

p -- 100 e A 1 for the percentage covalent character p of the bond 
X—Y. Using Pauling’s electronegativity values, we hence calculate 
the following values of p for the bonds in the molecules under considera¬ 
tion: CC 1 4 , Q4; SiCl 4 , 70; GeCl 4 , (>5*5 ; SnCl 4 , 65-5; CBr 4 , 98; SnBr 4 , 74. 
From the nature of their deiivation these values will be expected to be only 
approximate and to refer to ordinary single bonds between the elements. 

If the measured a values are plotted against these values of p t no sort 
of regularity is apparent : this is an expression of the invalidity of the 
Hansen-Damaschun assumption. In order to take account of the de¬ 
pendence of a upon the atomic numbers of the elements involved, the 
simplest course is to try putting a proportional to the sum of the atomic 
numbers Z x and Z Y for the compound XY 4 and to ignore for the moment 
any influence of the percentage covalent character p. The constant of 
proportionality is of course fixed by making a equal to unity for CC 1 4 . 
The values of a for the other compounds calculated in this simple and 
obviously imperfect manner are plotted in Fig. I (points denoted by 
crosses) against the experimentally observed a values. The dotted line 
at 45 0 to the co-ordinate axes represents the locus of exact agreement 
between calculated and observed values. By contrast with a plot of 
observed a against p, a certain measure of regularity is apparent despite 
the neglect of any influence of bond character; thus indicating that the 
derived polarizability and hence the Raman intensity are to a large extent 
determined by atomic number. 

11 Yost, Steffens and Gross, ibid., 1934, 2, 314. 

l * Pauling, Nature of the Chemical Bond (Cornell Univ. Press, 1940), p. 69. 
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An interesting result is obtained if, in order to take account in the 
simplest possible manner of the degree of covalent character of the bonds 
involved, we try putting a directly proportional, not only to Z x + Z Y , 
but also to p . Again making a equal to unity for the reference compound 
CC 1 4> the ciculated values of u for the other compounds are as given in 
the following Table, in which for comparison the observed values are also 
included. 



CCU 

SiCU 

GeCl 4 

S 11 CI 4 

CBr 4 

SoBr 4 


1*00 

0-96 

1*6 

1*9 

2*0 

3*3 


(i-oo) 

1*0 

t‘5 

2*0 

1*9 

2*9 


The calculated values of a are plotted in the Fig. I (points in circles), 
the arrows indicating the effect of including the p factor. It is seen that 
the empirical relation 

a = Cp(Z x Z y ) .... (14) 



in which C is a constant, gives a remarkably good general account of the 
experimental observations. The rule is a very simple one and probably 
only approximate ; but the number and accuracy of the data do not 
appear to justify elaborations, The agreement is least satisfactory for 
SnBr 4 : the value of a 0 t> a . for this compound was not determined in the 
present work, but is taken from Welsh, Crawford and Scott (see above). 

The rule obviously cannot be extended to the limiting case of a hypo¬ 
thetical XY 4 molecule with purely ionic bonds (p = o). For such a mole¬ 
cule the rule would give a = o and zero Raman intensity, which is not in 
accordance with the conclusion reached in the opening paragraph of this 
paper. 

The theoretical basis of our empirical rule remains obscure. The 
tendency of the derived polarizability to increase with increase of the 
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atomic number of the central atom X might be thought to be connected 
with back-co-ordination from the halogen atom and consequent partial 
double-bond character of the linkage. The shortening of the bond length 
in such compounds as SiCl 4 , as compared with the sum of the single-bond 
atomic radii, is taken by Pauling 13 as evidence for this. But such back- 
co-ordination would not be expected with carbon as central atom in 
CBr 4 , nor is there evidence of bond-shortening in this case. (For electron 
diffraction data on CBr 4 vapour, see Wierl. 14 ) Yet the replacement of 
Cl by Br in CC 1 4 produces a very marked increase in Raman intensity 
and derived polarizability. 

Another conceivable explanation of the observed variation of the 
experimentally determined a values from molecule to molecule might be 
the inapplicability of the Placzek theory, upon which their derivation 
from the observed relative intensities is based. It is a condition for the 
validity of the theory that the frequency of the exciting radiation shall 
lie sufficiently far from any region of absorption of the substance concerned. 
It might therefore be thought that the increase of intensity in passing, 
say, from CC 1 4 to CBr 4 or SnCl 4 could be due to a shift in the ultra-violet 
absorption region towards the blue line of mercury which has been used 
for excitation in the present work. The existence of such a disturbing 
effect could be detected experimentally by determining the relative 
Raman intensities as excited by lines of other frequencies, or alternatively 
by investigating the relative intensities of the Stokes and anti-Stokes 
lines of the individual compounds excited by 4358 A. As far as CC1 4 
is concerned the evidence 16 indicates that the Placzek theory is obeyed 
in the visible region. Published data for the other compounds are lacking, 
but preliminary measurements by the present authors 16 on the Stokes/ 
anti-Stokes intensity ratios for the v x lines of CC 1 4 , SiCl 4 and SnCl 4 excited 
by 4358 A indicate that the Placzek theory is obeyed for the last two 
compounds as well as for the first. 

The case of TiCl 4 has so far been excluded from the discussion. The 
experimental value for this compound, a 0 bs. — 2-4, shows no agreement 
with the value, a C aic. *— i*i, obtained from the empirical rule that has 
been seen to apply to the other compounds. This is probably due to the 
fact that in all the tetrahalides studied (with the exception of TiCl 4 ) the 
central atoms belong to Group IV n and in their normal state have the 
arrangement s 2 p 2 of valency electrons ; whereas Ti, the sole member of 
Group IVa that we have studied, has the arrangement d 2 s~. The type 
of hybridization for TiCl 4 will therefore be expected to be different from 
the sp 3 type common to all the other compounds, and this may well ex¬ 
plain the failure of TiCl 4 to conform to the rule which the others follow. 

The authors wish to express their thanks to Mr. K. H. Jones and Mr. 
1 ). J. Perkins of Jesus College, Oxford, for their assistance in carrying out 
some of the intensity measurements, and to Messrs. Johnson and Matthey 
and Co. Ltd. for the supply of specially prepared samples of pure TiCl* 
and GeCl 4 . They are also very grateful to Prof. Pearse for permission 
to make use of the recording microphotometcr at the Imperial College o 
Science and Technology, London. 

Inorganic Chemistry Laboratory, 

Oxford . 

13 Pauling, op. cit . la , p. 229. 14 Wierl, Ann. Physik, 1931, 8, 521. 

15 See Placzek, loc. cit ., 1 p. 369. 

10 Woodward and Long (unpublished work using a recording photoelectric 
Raman spectrometer). 
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The existing statistical theories of pclymer solutions are applied to the 
elucidation of the phase relationships of three component systems with at 
least one polymer component. 


1 . Introduction.—A great amount of experimental work has been 
published on the precipitation and fractionation of high polymeric 
substances but much less work has been done on the theoretical investi¬ 
gation of their phase relationships. Bronsted 1 2 has considered the 
solubility of polymers, but he only took energies of interaction into 
consideration, neglecting entropy effects, and Schulz 1 has discussed his 
experimental data on the same lines. 

The phase relationships of any number of components can be deduced 
if an analytical expression for the free energy of mixing is available. 
Such expressions have been derived for solutions of high polymers by 
several authors, notably Flory, 3 Huggins 4 and Guggenheim 5 ; they all 
use the methods of statistical mechanics and base the derivation on the 
lattice model of a liquid. The expressions derived by Guggenheim are 
the most comprehensive ; it has been shown by Guggenheim 6 » • that 
his expressions reduce to those of Flory for the case of binary mixtures 
if the co-ordination number of the lattice is allowed to approach infinity, 
and also under certain less stringent conditions, while Huggins’ formula 
is formally identical with Flory’s, but the interaction constant (see eqn. 
(2) later) denotes different quantities in the two cases. 

Flory 7 has made a study, based on his expression for the free energy 
of mixing, of the separation of a solution of high polymers into two phases ; 
the method is only applicable if both phases are dilute solutions. Scott 8 
has treated the system solvent f non-solvent -f* polymer with the 
assumption that a mixture of liquids can be considered as equivalent 
to a single liquid and has obtained valuable qualitative results. Gee 9 
has considered several aspects of the phase relationships of polymers. 

It is the purpose of this paper to derive the phase relationships of 
systems of three components, whose free energy of mixing is given by 
Flory’s or Huggins' formulae ; it is planned to extend the treatment 
to systems of four components later. 

2 . Systems of Three Components : Analytical Treatment.—Before 
considering in detail the compositions of co-existing phases, it is use¬ 
ful to consider under what conditions critical phenomena can appear. 
The general treatment of this problem is essentially due to Gibbs ; we 

1 Bronstcd, C. R. Lab. Carlsberg, Ser. chim., 1938, 22, 99. 

2 Schulz, Z. physik. Chem. B, 1940, 46, 137. 

8 Flory, /. Chem . Physics, 1941, 9, 660 ; 1942, IO, 51. 

4 Huggins, ibid., 1941. 9, 440 ; Ann N.Y. Acad. Sci., 1942, 43, 1. 

6 Guggenheim, Proc. Roy. Soc. A, 1944, 183, 203, 213. 

•Guggenheim, Trans. Faraday Soc., 1948, 44, 1007. 

7 Flory, J. Chem. Physics, 1944, 12, 425. 1 Scott, ibid., 1945, 13, 17 ®* 

9 Gee, Trans. Faraday Soc., 1944# 40, 468 ; Quart. Rev., 1947, I, 265. 
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shall recapitulate the beautiful manner in which it has been applied by 
van der Waals 10 to divariant systems of two components. Shreine- 
makers 11 has extended the treatment to di van ant systems of three com¬ 
ponents, i.e. systems at constant temperature and pressure. 

We plot concentrations in the usual triangular diagram and construct 
the " free energy surface " by plotting free energy G at right-angles to it. 
If the free energy surface is concave throughout, a mixture of any com¬ 
position forms a single, homogeneous phase. If, however, there are 
vertical cross-sections with points of inflection, separation into two phases 
will occur, and the compositions of the co-existing phases are given by 
the points of contact of a plane of double contact. These points (and 
their projections on the concentration diagram) are called nodes, the 
line joining them a tie line and their locus the binodial. The space 
between the free energy surface and the ruled surface which is the locus 
of the tie lines is called a plait and van der Waals and Kohnstamm 
develop their treatment from a consideration of the geometrical properties 
of plaits. Phases with representative points inside the binodial are not 
stable, but there is a metastable region consisting of the points at which 
the free energy surface is still concave. The inner boundary of this region 
is given by 

(d*G/dtt{) • (W/dwJ) - (**G/*»!&*«) -= o . (i) 

if we use the numbers of molecules of any two components as concentration 
variables. This is the equation of a curve called the spinodial. As 
}>Gll)n { ■— fi it the chemical potential of kind i, this curve is the locus of 
the points at which the curves /x, — const, have common tangents. 

Plaits terminate if successive tie lines decrease in length until two 
corresponding nodes coincide ; these points are the plait points or critical 
points. As the spinodial lies wholly within the binodial, it must touch 
the binodial at these points. Moreover, a detailed geometrical con¬ 
sideration shows that the curves fj. t — const, touch the spinodial there 
and have contact of the second order with each other. 

If we now change one of the parameters of the system, say the tem¬ 
perature, continuously, the positions of the binodial, the spinodial and 
the critical point (if any) also change continuously. It is showm in the 
theory of plaits that at a certain temperature a small new binodial may 
form around one of the points of the spinodial. At first the new binodial 
lies wholly within the old one, but on further changing the temperature, 
it can project through the old binodial. The general features are shown 
in Fig. i ; corresponding nodes are lettered with the same letter. It 
has been shown by van der Waals and Kohnstamm that the correspond¬ 
ing nodes of points at which binodial and spinodial intersect, are cusps. 
The new binodial contains two critical points (points of contact of binodial 
and spinodial), one of w r hich, C, lies first in the metastable and later in 
the stable region, while the binodial near the other, B, is always in the 
unstable region. For this reason the point at which the new binodial 
starts to form and at which two critical points may be regarded to 
coincide, is called a heterogeneous double plait point (HDPP). The 
points of intersection of the binodials, D' and D'", are corresponding 
nodes, and are also nodes of D"; we thus have here three co-existing 
phases and mixtures whose compositions lie within the triangle D'D"D'" 
split into three phases—D'D"D'" is a three-phase region and the com¬ 
positions of the co-existing phases are given by D', D" and D'". 

The further development of the small binodial can take several different 
forms ; for solutions of polymers A and C ultimately interchange their 
roles, A and B then contract into a HDPP and vanish, leaving the system 
with one critical point at C. At a HDPP the curves = const, not 

10 Van der Waals and Kohnstamm, Lehrbuch der Thermostatik (Leipzig, 1927). 

11 Schreinemakcrs, Vol. 3 of Roozeboom, Die Heterogenen Gleichgewichte 
(Braunschweig, 1911/1913). 
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only touch the spinodial, but have second order contact with it, and 
have third order contact with each other. For proofs of these statements 
and further details the reader must consult van der Waals and Kohnstamm, 
especially the second volume. 

3. The System Solvent + Non-solvent + Polymer. —The treatment 
in this paper will be based on the Flory-Huggins expression for the 
free energy of mixing ; for a multicomponent system this is (cf. eqn. n l 
and (15) of ref. 7 ) 

AGIkT — En t In y, + ay<(i — y^Srjii. . . (2) 

i ' i 

Here n t denotes the number of molecules of kind i, y x the site fraction, 
defined by 

= r 4 n t l£r 4 n tt 

i 

and r x the number of sites occupied by a molecule of kind i ; a is the 
familiar interaction constant. The assumption is implicit in eqn. (2) 



1 


Fig. 1 . —Ternary phase diagram with three critical points. 
VAH"G"\V old binodial, E"'CF'BE'" new bmodial, 

projecting through the old at D' and D'"-spinodial, 

O critical points. 

that the energies of interaction between molecules or segments of kind 1 
and any other kind are equal, and that all other energies of interaction 
arc zero. It can be shown that Guggenheim’s expression for the free 
energy of mixing reduces to eqn. (2) for this case as well as for binary 
mixtures. 

Consider a system of three components, a " non-solvent " (component 
1, r x — 1), a solvent (component 2, r 2 — 1) and a polymer of definite 
chain length (component 3, r 3 = r). Assume that there is no interaction 
between solvent and polymer, — o, and that a, a = a 18 = a. Then 
the free energy of mixing is given by eqn. (2). Let the calculation be based 
on the free energy of mixing of “ one mole of sites ", so that £r ( n 4 — 1, 

i 

and denote this value of AGjkT simply by G : 

G = y l \ny l + y t In y t + (i \r)y z In y, + ay,(i — y t ). . (3) 

We represent the composition of a system by taking y v y % and y 9 as co¬ 
ordinates in a triangular diagram and use y x and y z as independent 
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variables. Then 

(SG/ay,), s = <j> = In y, - In y, + «(i - 2y x ), . . (4) 

(dG/dy,)^ = 0 = (i/r) In y, — In y, — (r — 1 )/r, 

and 

W/ty* =-- i/y, + i/y, - 2a, . . . (5) 

^G/Sy^y, = i/y„ 

&*G/a»y, = i/(*y,) + i/y,. 

The equation of the spinodial is 

(W/tyJ) . (WGItyl) - (VGfryJy ,) - o, . . (6) 

cf. eqn. (i), and reduces to 

y, + (x - 2ay,)[i — y, + (r - i)y„] = o. . . (7) 

By writing this in the form 

(1 - 2ay,)[i - 2a(y, 4- ry,)] = 1, . . - (8) 

the spinodial is seen to be a hyperbola, whose asymptotes arc 

y 1 = I/(-2a). y% + ry, - l/(ia). . . . (9) 

The spinodial is shown on the diagram for a — 1*5, r — 100, Fig. 4. At 

the critical point 

(tyiltytU -- e.Vi'dy,),, 

(the suffix .s/> to mean along the spinodial) ; eliminating y 8 from this 
equation and the equation of the spinodial gives 

r(i — 2ay l ) s (i 2av x *J- 2a*y}) — 4<xvJ(i — aVj). . (10) 

Eqn. (7) and (10) together determine the critical point ; it is easily verified 
that the condition 

(VVi'tylU - {V\\: a.vDv 

is satisfied there. 

For given r, the critical point for any a can now be calculated. It 
is found that the lowest a for which the critical point lies within the 
triangular diagram, and for which there is a two-phase region, is the value 
a e , given by eqn. (11) (cf. "), at which components 1 and 3 mix critically, 
and which is for large v slightly larger than J : 

a, = £(1 4 - .(11) 

For a — 2, components 1 and 2 mix critically, and the two phase region 
cuts across the whole diagram. Now one of the roots of the quartic 
(10) is below 1 /(2a) and the corresponding critical point lies outside the 
base triangle and has no physical meaning. For small r, and large r 
at a well below two, eqn. (10) has one more real root, and there is there¬ 
fore one critical point. For large r and a 2 there are three critical points, 
corresponding to A, B and C in Fig. 1, so that for a certain a, less than 
two, there must be a HDPl\ This value of a can be calculated from 

(VvilWU = (a*fV»Va a U 

or from 

(d*yi « P'yifyi)* 

by eliminating y t and y 3 from it with the help of eqn. (7) and (10). The 
resulting equation is 

io8(ar) 3 — 4(qqr 4- 43)(ar) a 

— far* — 383^ — 2gSr — qi)(ar) 4 ~ 2(r — 2)*far + 1) — o, (12) 

and determines this a as a function of r. For large r this equation has 
one negative (physically irrelevant) and two positive solutions, one just 
below two and one usually above two. 

The picture we thus get for the position of the critical point and the 
binodial, for given not too small r , in systems with increasing a is this : 
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at a — a c , given by eqn. (ii), the binodial consists of the critical point 
on the 1-3 side of the diagram. At larger a the critical point is inside 
the triangle, and there is a finite two-phase region, Fig. 2a. When a 
equals the smaller positive root of eqn. (12), a HDPP appears and at 
a — 2 the physically relevant part of the diagram is like Fig. 2 b ; there 
is a critical point at y x = y 2 = i, y 3 = o. It is to be noted that the 
binodial near this point and the three-phase region are extremely small. 
For a > 2 one of the critical points is outside the triangle, Fig. 2c, and 
when a is greater than the larger root of eqn. (12) there is no critical point 
within the triangle, the remaining critical point having disappeared in 
another HDPP, Fig. 2 d. For small values of r, eqn. (12) has no positive 
roots ; the smallest r for which it has two (coincident) roots can be found 
by the usual methods of algebra. The resulting equation for v is of the 



Fig. 2. —Ternary phase diagrams for increasing values of a. 

. -hinodial. O critical points. 

ninth degree, but has 3 r* — 47^ f 1 as a factor (see later), and this con¬ 
tains the only relevant root, r = 15-645 ; the corresponding value of a 
is 1*9838. A three-phase region appears only for r > 16, for smaller 
r diagrams of the type 2 a go over continuously into type 2 d without the 
appearance of a three-phase region. For r = 100, the HDPP are at 
a 1*9998 and 2*8915. 

The detailed shape of the binodial must be calculated from the con¬ 
ditions /x/ — /*/'. By differentiating AG//cT, eqn. (2), 

(n = »'«=!. = *0 

with respect to n it one gets 

KlkT = In y x + y 3 (r - 1 )/r + oc(i - yO 2 , 

fiJkT == In y 2 + y 3 (r - 1 )/r + ay*, 

fi 8 /kT = lny 3 - (1 - y 9 )(r - 1) + fay 2 , . . (13) 

and by putting one obtains three equations in y 1 / , y 5 ', y 1" 

and y 3 ". It has not been possible to find the equation of the binodial 

explicitly from this, and the following numerical method was used to ob¬ 
tain corresponding nodes : a suitable value of y x " was chosen and a trial 
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value of y t ' assumed. From ^ y 9 " — y 9 ' was calculated : 

y* -y'* = t*'/(*’ - I)]{[ln y,' + a(i - ^0’] - [In Vi + *(i - ?")*]} ( r 4«) 

and yi'/ra from /*( - *h/r = - ^'/r. 

In (y','lyi) = y{[ - In + 2 ay,'] — [- In y" + 2 ay"]}, . (146) 

and thus y^' and >v From 2 y' ( — i, y' was obtained and y," from 

H ~ *>1* = - g>. 

ln (yi'/yi) = (ifr) In (y','ly',). . . . (14c) 

Zy[' should now be equal to one ; if it was not, another value of y\ was 

tried, using the values of £y' { ' as a guide to choose as near as possible the 

i 

correct value and the process repeated to obtain the y's to the desired 
degree of accuracy. Some nodes for a ~ i, 1*5 and 2 were thus cal¬ 
culated at r ~ 10, 100, 1000 and arc shown in Fig. 3, 4, 5, together with 


5 



Fig. 3.—Phase diagrams solvent S 4* non-solvent NS + 
polymer P, r - 10, foi values of a indicated. 

O critical points. 

their tie lines and the binodials which have been drawn to pass through 
them and the critical points, calculated from eqn. (7) and (10) ; tangents 
to the binodials at the critical points were calculated by differentiating 
eqn. (7). The points of intersection of the binodials with the 1-3 axis 
were obtained as the compositions of the coexisting phases in the binary 
system non-solvent -f- polymer ; numerical evaluation was aided by 
the knowledge that in most cases one of the phases contains practically 
no polymer. For a ~ 2 and r > 16 the exact position of the three-phase 
region can be found by drawing the binodial near y x r 2 — i in detail 
and calculating the small binodial with the assumptions yi 1, y' 3 " 1. 

The points of intersection are two of the corners of the three-phase triangle 
and the corresponding node on the other side of the bitiodial is the thiid. 
The positions of these art* marked on the binodials. For r — ioo, two 
of the points are y t = 0*5 ± 106 x io~ e , y s = 1*5 x io** 11 , and the 
third is y x = 0-2139, y 8 = 0*1143. 

The composition of the swollen polymer which precipitates from a 
given solution on adding non-solvent can be read off these diagrams, if 
sufficient tie lines are calculated ; the general shape of the curves is as 
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expected, and is consistent with the experimental fact that except near 
the critical point, one of the phases contains practically no polymer. 
The curves also show how far, at least within the assumptions of the 





polymer P, r 100, for values of a indicated. 

- spinodial for a •- 1*5, () critical points, 

A corners of three-phase triangle. 



Fig. 5.—Phase diagrams solvent S -f non-solvent NS ~f 
polymer P, r ~~ 1000, for values of a indicated. 
O critical points, A corners of three-phase triangle. 


model, one is justified in the usual assumption 7 * 8 * 9 that the ratio of 
solvent to non-solvent is the same in both phases. 

4. The System Solvent and Two Polymer Homologues. —Another 
case which can be treated similarly is v x = 1, r a — s, v % ~ r; if again 
a l4 = a l8 = a and 033 — 0, then this represents a solvent and two polymers 
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of a homologous series, the energy of interaction between solvent and a 
polymer segment being a. The phase diagrams of this case are relevant 
to fractionation by preferential solution in a single solvent and are also 
interesting as being one of the four faces of the tetrahedron which must 
be used to represent the possible compositions of a four component system, 
consisting of non-solvent, solvent and two polymers. 

The equation of the spinodial is 

(i - 2ay,)[i - 2a (sy, + ry ,)] = I . . . (15) 

and represents again a hyperbola ; the critical points are determined 
from the equation 

™(i — yi)(i - ■iay,)* + (r + s)y l ( 1 ~ 2a y,)‘ - = o, . (16) 

which is again of the fourth degree and has one irrelevant solution and 
one or three solutions within the triangle of reference. 

P 



Fig. 6 .—Phase diagrams solvent S and two polymer 
homologues P(s) and P(r), s ~ io and r =■ ioo, for 
values of a indicated. O critical points. 

The relation corresponding to eqn. (12) giving a as a function of r 
and s, at which a HDPP appears, is involved algebraically, but it has 
been possible to find an equation giving critical values of r for the appear¬ 
ance of HDPP as a function of s ; these are the values at which two HDPP 
coincide. 

The substitution v — 2 oLy t — 1, transforms eqn. (16) into 

rsv 4 — \v* -f- (r 4* s)v* v — 1 — o, . . (17) 

where A = (2a — i)rs — [r 4- 5). At a HDPP this equation has two 
coincident solutions, i.e. it has a root common with 

4 rsv* — 3Ai/ a 4- 2(r 4- s)v — 1 = o. . . (18) 

The v-eliminant of these two equations is the relation referred to above 
giving A (or a) as a function of r and 5. At this value of A the v-axis 
is a tangent to the curve obtained by plotting the left-hand side of eqn. 
(17) against v . The limits of r and s, at which the v-axis can be a hori¬ 
zontal tangent, are given by the case where there is a horizontal point 
of inflection on it, i.e. where 

I2rsv* — 6 Xv 4* 2(r 4- s) = o . . . (19) 
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as well. We can now eliminate from eqn. (17), (18) and (19) first A and 
then v , obtaining the required relation between t and s : 

3 (r % — 10 rs -f s*)* + (r + s)(r* — io 6 f$ -f $*) — 2jrs = o. (20) 
For 5=1 this has (r — 2)* as a factor, and dividing by it we get 

3r* - 47^ + 1 = ..(21) 

the equation mentioned earlier. For large r and s the solutions are those 
of the first term, i.e. r/s = 9*90 or o*ioi, so that there is no HDPP and 
no three-phase region unless r and s differ by a factor larger than ten. 

Numerical calculation of the binodials was carried out on the same 
lines as for 5=1 and curves are shown in Fig. 6 and 7. The highest 
values of a used were those at which the system 1-2 shows critical mixing. 

P 


s 

Fig. 7.-—Phase diagrams solvent S and two polymer 
homologues P(s) and P (r), s = 10 and r — 1000, for 
values of a indicated. O critical points. 

5 . The System Solvent + Polymer + Polymer. An interesting 
application is to the case of a solvent and two polymers which do not 
belong to the same homologous series. It is to be expected that this 
will throw some light on Dobry's work 11 on the incompatibility of high 
polymers and on precipitating power as function of molecular size. In 
order to make our model applicable, we assume that there is no interaction 
between the solvent (component 2, r, = 1) and one of the polymers 
(component 3, r z = r) and that the interaction between a segment of 
the other polymer (component 1, r t = p) and a solvent molecule is the 
same as that between segments of the two polymers. The free energy 
of mixing is again given by eqn. (2) and the complete phase relationship 
can be elucidated. 

The spinodial is given by 

(r — 2«.py 1 )[i — 2a.(y t + ry ,)] = x . . . (22) 

and is still a hyperbola, the critical point is determined from 

'(* - yi)(i - z*pyi) % + (r + 1 )py x (i - ^py%) % - P*yi = <>• (* 3 ) 

It has not been thought worth while to investigate the conditions under 
which HDPP and three-phase regions appear, but binodials have been 
calculated for various cases as before and phase diagrams are shown 
in Fig. 8 and 9. 

l# Dobry and Boyer-Kawenoki, J. Polymer Sei., 1947, 3 , 90, Dobry, ibid., 
1947 . 623. 
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The low values of ot e , corresponding to eqn. (11), at which 1 and 3 
mix critically, is to be noted : 

«. = *(/>-*+ '-*)*• • • • < 2 4) 

In fact a 0 is practically zero for large p and r and this is on the whole in 
agreement with Gee's remarks.* This means that polymers which have 
a positive energy of interaction do not mix at all; and on adding solvent, 


3 



Fig. 8 .—Phase diagrams solvent S -f polymer P {p) + 
polymer P(r), p ~ 10, r ~ 1000, for values of a 
indicated. O critical points. 
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the two-phase region fills practically the whole of the diagram for values 
of a which are still very small; this is in qualitative agreement with Dobry's 
experiments. Another noteworthy feature is the increase in the size of 
the two-phase region with increasing p , at constant r and a ; e.g. in the 
case of the system 1-1-1000, there is no two-phase region below a ~ 0*532, 
but in the case of 10-1-1000, the two-phase region already extends over 
most of the concentration diagram for a = 0*5, again in agreement with 
Dobry’s experiments. 

The continuous change of the curves with increasing p (as also with 
increasing r, cf. Fig. 3, 4 and 5) is noteworthy. As the view is sometimes 
expressed that, especially in the realm of solubility and phase relation¬ 
ships, solutions of high polymers show “ specific behaviour ”, the author 
thinks it worth while to point out that the behaviour of polymer solutions 
is a continuous function of r and there is nothing in any of the diagrams 
which could support the view that there is a discontinuity, even at r — 00. 

After the manuscript of this paper had been finished, two papers by 
Scott 18 were published which deal with the same problem. The general 
conclusions of Scott are the same as here presented. Briefly, the main 
difference between Scott’s treatment and the one here given is that Scott 
starts from an expression for the free energy of mixing which is derived 
for a more general case ; but just because of this he can carry the cal¬ 
culation further only for polymers of infinite chain length. By putting 
down an expression for the free energy for a more restricted case, as in 
this paper, the complete phase diagram for any value of r can be estab¬ 
lished, and has in fact been done for several cases. Naturally, there is 
a certain amount of incidental detail given in Scott's paper but not here, 
and vice versa. 

The author is indebted to Mr. J. Crank and Miss M. E. Henry for some 
of the numerical calculations, and to Dr. C. H. Bamford and Dr. J. G. 
Oldroyd for many helpful discussions. 

Courtaulds, Limited, 

Research Laboratory, 

Lower Cookham Road , 

Maidenhead , Berks. 

13 Scott, J . Chem. Physics, 1949, 17, 268, 279. 


THE EFFECT OF PRESSURE ON THE BURNING 
VELOCITY OF ETHYLENE-AIR MIXTURES 

By P. J. Wheatley and J. W. Linnett 
Received 25th July, 1949 

Using the burner method we have found that, in ethylene-air flames, the 
burning velocity for a given mixture increases as the pressure is reduced below 
atmospheric. In the range from J to 1 atm. the burning velocity is inversely 
proportional to about the fourth root of the pressure. This is in agreement 
with the prediction of Tanford and Pease. The results do not agree with the 
predictions of Gaydon and Wolf hard, or with the behaviour suggested by the 
formula of Boys and Corner. 


Recently several new theories of flame propagation have been pro¬ 
posed. 1 * 2 > 8 These theories are necessarily tentative, adopting different 

1 Tanford and Pease, J. Chem. Physics, 1947, 15, 861. Tanford, ibid., 1947 * 
* 5 * 433 * & 61 - 8 Gaydon and Wolfhard, Proc. Roy . Soc. A, 1949, 196, 105. 

8 Boys and Corner, ibid., 1949, 197, 90. 
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approaches to the subject and neglecting certain effects. They all, how¬ 
ever, predict the effect of pressure on burning velocities, but the predic¬ 
tions differ. It is therefore a matter of considerable theoretical, as well 
as practical, importance to discover the effect of pressure on the burning 
velocity of explosive gas mixtures. Several attempts have been made 
to do this 4 but the conclusions are conflicting. We have constructed 
an apparatus, similar to that described by Garside, Forsyth and Townend, 5 
with which we have measured the burning velocities of ethylene-air 
mixtures at reduced pressures by the burner method. 

Experimental 

The ethylene was prepared by dropping pure ethyl alcohol on to phosphoric 
acid at 200" C, the resulting vapours being passed through a furnace filled with 
pumice soaked in phosphoric acid at 2 2o c C. The gases were dried by passing 
over pumice soaked in sulphuric acid, then through a calcium chloride tube 
and condensed in a liquid air trap. The ethylene was then slowly distilled into 
a second liquid air trap, leaving any ether behind. The ethylene could be 
boiled off from the second trap at any desired rate by means of a small heating 
coil. Tlie air was taken from the compressed air supply without any preliminary 
treatment. 

The gas flow and pressure were controlled by means of blow T -offs and stabil¬ 
izers, and their rates of flow measured on flowmeters, using glycol as the mano- 
metric fluid. The gases came together at a Y-piece and were led through 
safety- and reducing-valves to the burner tube. The water-jacketed burner 
tube of 0*988 cm. diam. was of sufficient length to ensure laminar flow. The 
top of the burner tube was surrounded by a large brass chimney in which the 
pressure could be controlled by means of an oil pump. The chimney had tw f o 
plane glass windows on opposite sides at the level of the top of the burner tube, 
through which the flames could be photographed. Beneath and around the 
window frames was placed a heating coil to obviate fogging of the glass. 

The flames were photographed by the shadow method described by Sherratt 
and Linnett,® and the burning velocity calculated from the dimensions of the 
flame as detailed in the same paper. 

It was found impossible to eradicate a slight vertical flicker of the flame. 
It was concluded that the flicker was caused by aerodynamic effects within the 
chimney, since perfectly steady flames could be obtained without the pump 
or windows on. The flicker necessarily means that there is an alternate increase 
and decrease in the apparent burning velocity and hence a spread of points is 
to be expected. It was decided, therefore, to obtain as many readings at each 
pressure as practicable and to focus attention on the maximum of the burning 
velocity curve, since maximum burning velocity mixtures give minimum errors. 

Results 

A smooth and consistent burning velocity curve has been obtained at 
atmospheric pressure without the pump operating or the windows in position. 
The maximum in this curve occurs at 7$ % ethylene. At lower pressures 
all the points were plotted and a smooth curve drawn through them assuming 
(a) that the position of the maximum is the same, and (6) that the general 
shape of the curve is the same as at atmospheric pressure. The results for 
three pressures are shown in Fig. 1. It will be seen that the assumptions are 
unlikely to introduce much error, provided the steep sides of the burning velocity 
curves are not considered. Values of the burning velocity were then read 
off for 7 %, 8 % and 9 % ethylene-air mixtures. These are given in Table II. 
The values at 17 cm. are in brackets since their degree of accuracy is considerably 
less than those at higher pressures. Furthermore, the values of the burning 
velocity quoted for 9 % mixtures are likely to be less accurate, since 9 % 

4 Wolfhard, Z. tech. Phys., 1943, 24, 206. Ubbelohde and Koeliiker. J. 
Gasbel 1910, 59, 49. Khitrin, Tech. Phys. U.S.S.R., 1936, 3, 926. Kolodtsev 
and Khitrin, ibid., 1936, 3, 1034. Ubbelohde and Andwandter, J. Gasbel, 
1917. 6o # 225. Stevens, N.A.C.A. Reports , 1931, 372, Fiock and Roeder 
ibid., 532, 1935. Garside, Forsyth and Townend, J. Jnst . Fuel, 1945, 18, 175. 

5 Garside, Forsyth and Townend, ibid., 1945, 18, 175. 

• Sherratt and Linnett, Trans. Faraday Soc., 1948, 44, 596. 
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mixtures lie on the beginning of the steep portion. We have reason to believe 
that the absolute values quoted may be a few per cent, too high throughout, 
but they should be proportional to the correct values.’ 

In order to apply any theory of flame propagation to these results, it is 
necessary to know the flame temperatures. These have been calculated for 
all mixtures at all pressures used and the results are given in Table II. The 
method used was that described by Lewis and von Elbe 8 and no account has 
been taken of the equilibrium 

N, + O, ^ 2NO. 



TABLE I 


Pressure 
(cm. Hg) 

7 % 

8% 

9 % 

77 

71 

71 

59 

70 

72 

72 

61 

64-5 

70 

72 

65 

56 

76 

77 

66 

49 

81 

81 

67 

37 

89 

9 i 

81 

27 

97 

98 

87 

(17) 

(109) 

(108) 

(i° 3 ) 


Burning velocities in cm./sec. 
of 7 %, 8 % and 9 % ethylcne-air 
mixtures. 


Fig. i.—A plot of the burning velocity, 
in cm./sec., of ethylene-air mixtures 
against the volume percentage of 
ethylene. 

(a) 0 at 70 cm. Hg. 

(b) Q at 49 cm. Hg. 

(c) O at 27 cm. Hg. 


The inclusion of this reaction would not lower the calculated flame tem¬ 
peratures by more than io° C. In calculating these temperatures values were 
obtained for the concentrations of O, H and OH radicals. Only the figures 
l° r 7 %» 8 % and 9 % mixtures are given here (Tables III, IV and V). 

Discussion 

We believe that the direct shadow or, better, the Schlieren method 
of photography is superior to direct photography for locating a flame 
front. In this we agiee with van de Poll and Westerdijk, 8 Not only 
are the photographs more defined, and hence susceptible to more accurate 
measurement, but they, by virtue of a rapid change of refractive index, 

7 Subsequent work in this laboratory (to be published later). 

•Lewis and von Elbe, Phil. Mag., 1935, 20 , 44. 

• van de Poll and Westerdijk, Z. Tech. Phys ., 1941, 22 , 29. 
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mark the onset of rapidly changing conditions. For the gases to be 
luminous, they must have passed through or be passing through the 

TABLE II.— Calculated Flame Temperatures in °K 


Pressure 

Pressure 

Volume percentage of ethylene 

(cm. Hg) 

(atm.) 










4% 

5 % 

6% 

7% 

8% 

9% 

10% 

76*0 

1*0000 

1806*5 

2106*0 

2322*5 

2417*0 

2363*0 

2256*0 

2143*0 

70*0 

0*9211 

1806*5 

2105*0 

2320*0 

2413*0 

2361-5 

2255*0 

2143*0 

64-5 

0*8487 i 

1806*5 

2104*0 

2317*5 

2410*0 

2360*5 

2254*0 

2142*5 

56-0 , 

0*7368 

1806*5 

2103*0 

2314*0 

2405*0 

2358-0 

2252*5 

2142*0 

49*o 

0*6447 

1806*5 

2102*0 

2309*0 

2398*0 

2356*0 

2250*5 

2141*0 

37‘° 

0*4868 

1806*5 

2100*5 

2301*0 

2388*0 

2351*5 

2248*0 | 

21400 

27*0 

o*3553 

1806*5 

2096*5 

2288*0 

2376*0 

2345*0 

2245*0 

2138*0 

17*0 

0*2237 

1806*5 

2091*0 

2275*0 

2356*0 

2335*5 

2240*0 

2133*5 


TABLE III. —Calculated Radical Con- TABLE IV. —Calculated Radical Con¬ 
centrations CENTRATIONS 


Pressure 

(atm.) 

; 


7 % Mixture 


Pressure 

(atm.) 

8 % Mixture 

P H X 10 * 

'oh x ,<r * 

P 0 X * 0 "* 

Pe X I0 ~* 

f 0 H X ,0 ~* 

Po X I0- 4 

1*0000 

i*59 

4*42 

7*23 

1*0000 

203 

! i*88 

i*55 

09211 

1*52 

4*08 

7*25 

0*9211 

1*93 

i- 7 8 

1*52 

0*8487 

i*45 J 

3*80 

716 

0*8487 i 

1*84 

1*70 

i*54 

0*7368 

*•31 ! 

3*41 

6*44 

0*7368 

1*71 

1*56 

i*53 

0*6447 

1*20 | 

3*oi 

6*15 

0-6447 

1*62 

1*48 

1*63 

0*4868 

1*01 

2*40 

5*17 

0*4868 

1*39 

1*25 

i*53 

0*3553 

0*82 

1*84 

4*35 

o*3553 

i*i5 

0*98 

1*38 

02237 

o*6i 

1*29 

2*74 

1 

0-2237 

0-85 

0*72 

i*i3 


CENTRATIONS 


reaction zone, and hence luminosity is not necessarily a satisfactory 
criterion of the flame front. Moreover, it has been observed that the 
visible cone lies well outside the 

shadow* 01 Schlieren cone, 10 TABLE V. —Calculated Radical Con- 
and the distance between them 
increases as the pressure is 
lowered. It is this difference 
which probably accounts for the 
lack of agreement between our 
results and those of Garside, 

Forsyth and Townend * regard¬ 
ing the effect of pressure on the 
burning velocity (they use the 
term ignition velocity) of ethy¬ 
lene-air mixtures. For a 7$ % 
ethylene-air mixture they find 
that the burning velocity in¬ 
creases from about 53 to about 
60 cm, /sec. on lowering the pres¬ 
sure from 70 to 30 cm. Hg. For 
other mixtures in the 7 to 9 % range the increase in burning velocity found 
by them is smaller than this. So they do not find as big a change in 

l * Klaukens and Wolfhard, Proc. Roy. Soc. A., 1948, 193, 512. 


Pressure 

(atm.) 

9 % Mixture 

Pu x I0-» 

foil x ,0 "‘ 

P 0 x io~* 

I'OOOO 

i*68 

583 

2*06 

0*9211 

i*6o 

5*54 

1*96 

0*8487 

i*53 

5*30 

219 

0*7768 

1*41 

4*94 

2*29 

0-6447 

i*3i 

4*61 

2*15 

0*4868 

1*14 

4*00 

213 

o*3553 

0*96 

3*30 

223 

0*2237 

0*74 

2*54 

1*87 
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burning velocity with pressure as we do. It is probable that Garside et al. 
obtain smaller values for the burning velocities than we do because the area 
of the visible cone is greater than the area of the shadow cone, since the 
former is outside the latter. Moreover the difference in the area of the 
two cones increases as the pressure is lowered because the distance between 
them increases. Consequently the differences between our results and 
theirs increases as the pressure is lowered and the increase in burning 
velocity found by their method will be expected to be less than that found 
by our method. As pointed out earlier, the shadow cone marks the zone 
where the conditions of the gas begin to change rapidly and this seems 
to be the most suitable zone to regard as the flame front. The zone 
where light is emitted is less suitable because it is in a region where the 
gases have reacted to a considerable extent and consequently in a region 
in which considerable expansion has already occurred. It is this ex¬ 
pansion that causes the luminous cone to be larger in area than the shadow 
cone. 

We will now consider our results in relation to the various predictions 
that have been made recently regarding the effect of pressure on burning 
velocity. Tanford and Pease 1 predict that the burning velocity will 
increase as the pressure falls, the burning velocity being inversely pro¬ 
portional to the fourth root of the pressure. Gaydon and Wolfhard a 
predict that the burning velocity will be virtually independent of the 
pressure if the chemical reaction is proportional to the total number of 
two-body collisions occurring per unit volume per second. Both the 
above theories are based on very simple radical diffusion pictures of 
flame propagation. They differ in the assumptions they make regarding 
the way in which the degree of dissociation in a flame varies with the 
pressure. Boys and Corner 3 predict that the burning velocity is propor¬ 
tional to Pi*™- 2 ), where P is the total pressure and m is the order of the 
reaction.* Their theory is purely thermal. It predicts that the burning 
velocity is independent of pressure if m is 2. Only if m is less than 2 
will the burning velocity increase as the pressure is lowered. The ob¬ 
servations of Thompson and Hinshelwood, 11 and of Steacie and Plewes lz 
showed that, around 450° C, m is about three. However, it may well 
be that this is not relevant to the present discussion because of the veiy 
different conditions existing in the flame. Nevertheless, it seems unlikely 
that m will be less than 2 as there are two reacting components ; and 
this will be equally true if the reaction goes by a chain mechanism, since 
the order is usually high for chain reactions. 13 Therefore, the result 
that we obtain, that the burning velocity increases as the pressure is 
lowered, appears to be inconsistent with the formulae of Boys and Corner. 
In fact, the result agrees only with the prediction of Tanford and Pease. 
Moreover, the burning velocity does vary inversely as about the fourth 
root of the pressure as suggested by them. This is demonstrated in 
Fig. 2. It is important that the purely thermal theory of Boys and 
Corner, which does not contain the arbitrary features of the older thermal 
theories, suggests a behaviour which is different from what we find here. 
This definitely implies that a purely thermal theory is inadequate to ac¬ 
count for the propagation of flame in these ethylene-air mixtures. It is 

* Boys and Corner state that “ if the homogeneous reaction velocity varies 
as P n the maSvS flame velocity will vary as Pi<»+ 1 >." In this paper they define 
reaction velocity in terms of fractional change so that the order, in the usual 
sense of the word, is (m -f 1). For this, commonly understood, order we have 
used the symbol m , so that n — m — 1. Since the mass flame velocity is 
proportional to the product of the burning velocity and the pressure, the burning 
velocity will be proportional to p|<»»-*>, 

11 Thompson and Hinshelwood, ibid., 1929, 135, 277. 

u Steacie and Plewes, ibid., 1934, 146* 7 2 - 

13 Hinshelwood, Kinetics of Chemical Change in Gaseous Systems (O.U.P., 

1933). 272. 
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interesting in this connection that the burning velocity is linearly related 
to pu/P, to po/P . and to pm/P for all three mixtures studied p 0 
and p ou are the calculated equilibrium partial pressures of H, O and OH 



Fig. 2.—-A plot of the burning velocity of an 8 % ethylene-air mixture against 
the reciprocal of the fourth root of the pressure. The line is drawn so as to 
pass through the origin, and thus show the direct proportionality between the 

tw'o quantities. 

at the flame temperatures, and P is the total pressure). Examples of 
these are shown m Fig. 3. Since the rates of diffusion are inversely 
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Fig. 3.— A plot of the burning velocity of an 8 % ethylene-air mixture against 

PJP X IO*. 

(a) c P*/P x IO-*. w =* 3. 

(b) O Pon/P X IO-*, w = 3. 

(c) 3 Po/P x 10”*, n = 4. 

proportional to the total pressure for a mixture of a given composition 
this result is very reasonable on a simple radical diffusion theory (cf. 
the calculations of Tanford and Pease for flames in CO—O a —N t —H t —H a O 
mixtures). However, though we find that the burning velocity varies 


40 * 
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with the pressure in the way predicted by Tanford and Pease, we are not 
of the opinion that a purely diffusion theory, like that of Tanford and 
Pease, can explain all the intricacies of flame propagation. 

Some criticism has been levelled at the burner method as a means of 
measuring accurate burning velocities. Consequently, though there is 
no doubt that, with the burner tube and gas mixture used in the present 
investigation, the burning velocity increased as the pressure was lowered, 
we are now constructing an apparatus which should yield accurate values 
at all pressures and will not be subject to many of the criticisms of the 
burner method. We hope, therefore, to settle quite unambiguously how 
burning velocities depend on the pressure for a variety of mixtures. 
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NOTE CONCERNING SOME RECENT STATEMENTS 
ON THE LATENT HEAT OF VAPORIZATION 
OF CARBON 


By L. H. Long and R. G. W. Nourish 
Received 10th July, 1949 

The purpose of this note is to point out the misleading nature of some 
recently published statements relating to an earlier paper of ours on the 
thermochemistry of carbon. 1 

The statement of E. C. Baughan, 2 that according to Long and Norrisli's 
view the ivhole of the 5 S Z P transition of carbon would appear in the 
process CH 3 —► CH 2 4- H as energy of reorganization, is incorrect. In 
point of fact we clearly state 3 that we regard the energy as being divided 
into three parts, two of which are absorbed in the weakening of the two 
remaining C—H bonds. N01 is it true, as Baughan further states, 2 that 
the C—H bond strength in ethane is assumed to be identical with the 
dissociation energy into C 2 H 5 -J~ H. The bond energy was calculated 
from heats of combustion to be 1 keal. less * than the C—H bond strength 
in methane, that is, 4 keal. more than the experimental value for 

I>(C 2 H 5 -~H) (99 :i~ 2 keal.). 

Likewise incorrect is the statement by H. A. Skinner 6 that the argument 
of Long and Norrish regarding the true value for the heat of sublimation 
of graphite is based on the " tacit assumption ” that the C—H bond 
energies in CH 4 and CH 3 are of similar magnitude. We do not use any 
such assumed similarity of magnitude to calculate the heat ol sublimation 
of carbon. Our arguments rest on an examination of all the diverse data 
available at the time of writing, and lead to a value of L 2 (-— L -j~ X in 
Skinner’s notation) with the limits 182 and 200 kcal., # from which it may 
be calculated that the said bond energies do not differ by more than 2 keal. 

Dept, of Physical Chemistry, 

Cambridge. 

1 Long and Norrish, Proc, Roy. Soc. A, 1946, 187, 337. 

* Baughan, Trans. Faraday Soc., 1948, 44, 849. 

8 Long and Norrish, op. cit., p. 341. * Ibid., p. 348 and Table III. 

4 Skinner, Trans. Faraday Soc., 1949, 45, 32. 

8 Long and Norrish, op. cit., pp. 348 if. 
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PART II,—THE BOND DISSOCIATION ENERGIES OF SOME 
Zn—C AND Cd— C BONDS, AND OF Et—I. 

By A. S. Carson, K. Hartley and H. A. Skinner 
Received 15 th July , 1949 

Measurements of the heats of reaction of CdEt 2 , ZnMe*, and ZnEt f with 
dilute acid and water, and of ZnEt, and CdEt, with iodine, arc reported, leading 
to the following values for the heats of formation Q, of the liquids at room 
temperature : 

0 ,(CdEt t ) = — 14-5 kcal. mole -1 (T 0*5 kcal.) 

Q f \ ZnMe a ) — — 6-3 kcal. mole -1 (± 1 kcal.) 

C/(ZnEt 8 ) = — 4*3 kcal. mole -1 (± 1 kcal.) 
g,(EtI) =-■ 9-i kcal. mole -1 (± 1 kcal.). 

Assuming the values D( CH,—H) — 102 0 kcal., and Z>(C 2 H 6 —H) = 97-5 kcal., 
these data lead to 52*8 kcal. for the dissociation energy of the C—I bond in EtI, 
and to 52*9 kcal., 81-9 kcal., and 68-7 kcal. respectively for the sum of the metal- 
carbon bond dissociation energies in CdEt # , ZnMe, and ZnEt 2 . 


In a previous paper (Part I of this series), Carson, Hartley and Skinner 1 
described an adiabatic calorimetric system in which they measured the 
heats of some reactions involving cadmium dimethyl. This paper reports 
some further thermochemical studies on the metal alkyls of Group II, 
using the same calorimeter and techniques as described earlier. The 
measurements here reported are of the heats of hydrolysis (at 20° C) 
of CdEt, a ZnMe a and ZnKt 2 , and of the heats of iodination of CdEt a 
and Zn El,. These data provide values for the heats of formation (from 
elements in standard states, the Q f values) of the metal alkyls and of EtI. 
Taken in conjunction with accepted values for the C—II bond dissoci¬ 
ation energies in CII 4 and C 2 H #I the Q f values yield absolute values for 
the dissociation energies of the metal-alkyl bonds in the Zn and Cd 
alkyls, and for the C -I bond 111 EtI. 

Experimental 

Preparation of Compounds. —(a) CdEt a : prepared according to the method 
described by Krause, 2 by reacting anhydrous CdBr, with EtMgl in etherial 
solution. The bulk of the ether was separated from the CdEt 2 -cther mixture 
by distillation at normal pressure, and the residue removed by careful fraction¬ 
ation at reduced pressure using an efficient gauze-packed column. Final traces 
of ether were removed by repeated bulb-to-bulb distillations in vacuo. The 
pure product was collected and sealed in weighed glass phials and used almost 
immediately in experiment, as CdEt 2 decomposes on standing and slowly 
deposits a blue-grey metallic precipitate. 

(6) ZnMe a : prepared in similar manner to that recommended by Kenshaw 
and Greenlaw, 3 by long relluxing cf a mixture of methyl iodide with excess 
Zn-Cu couple. The crude product was fractionally distilled in an efficiently 
packed column in an atmosphere of pure dry N,, and finally in vacuo (b.p. 
44 ° C, 760 mm.). * 

(c) ZnEt 2 : prepared by Noller's method, 4 from Zn-Cu couple and a mixture 
of EtI and EtBr. It was purified by fractionation in an efficient column in 
an atmosphere of pure dry N 2 , and finally by repeated bulb-to-bulb fraction¬ 
ation in vacuo (b.p. 117*7° C, 760 mm.). 

1 Carson, Hartley and Skinner, Proc. Roy . Soc. A, 1949, 195, 500. 

2 Krause, Bcr., 1917, 50, 1813. 

3 Renshaw and Greenlaw, J. Amer. Chcm. Soc., 1920, 42, 1472. 

4 Noller, Organic Syntheses, vol. XII. 
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Results and Discussion 

Heats of Hydrolysis, and of Reaction with Dilute Acid.— (a) CdEt 8 : 

Unlike CdMe a , which decomposes fairly rapidly when treated with 
water, CdEt a is hydrolyzed only slowly at room temperature. The 
decomposition of CdEt a by aqueous N H a S 0 4 , however, proceeds rapidly 
to completion, giving CdS 0 4 (aq.) and ethane as the sole products. The 
heat of the reaction 

CdEt a (liq.) -f H a S 0 4 (aq.) -* CdS 0 4 (aq.) + 2C a H 4 (gas) -f Q v kcal. (i) 
was measured in like manner as described previously for the corresponding 
reaction with CdMe a . Analysis of the gaseous products showed ethane 
only : there was no detectable amount of C a H 4 or H a in the gases collected. 

The purity of the CdEt a samples used (generally found to be from 
99-100 % pure) was determined by measurement of the total volume of 
ethane produced in each experiment. To ensure a complete conversion 
of CdEt a to CdS 0 4 , we have usually taken a twofold excess of N H a S 0 4 
in each experiment. 

Results from 7 experiments are set out in Table I. The heat of 
reaction (i.e. of eqn. (1)) is related to the thermochemical heat of 
formation, Q f (CdEt a (liq.)) by the equation 

0 ,- 0 ,(CdS 0 4 , aq.) + 20 ,(C a H 4 , gas)- 0 ,(H 2 SO 4 , aq.)- 0 ,(CdEt a )+ M, (2) 
where M is the heat of mixing of CdS 0 4 (aq.) with the excess H 2 S 0 4 * 
The heat of mixing corrections are given in column 8 of Table I. As the 
reactions were carried out in vacuo in a sealed reaction vessel (see ref. 1 
for further details), the observed heats of reaction give the — A E (not 
— AH) of reaction : the — A E values are transformed to — AH values 
in column 7. Substituting the following published data for the various 
Q f terms in eqn. (2), 

Q f (CdS 0 4 , 100 aq.) 5 = 232*41 kcal. mole -1 , 

Q f (H a S 0 4 , 100 aq.) 5 = 211-59 

Q, (C a H„ gas)« = 20-24 „ 

the equation becomes 

01= — AH = 61*30 - 0 ,(CdEt a , liq.) + M kcal. . (3) 

This latter equation was used to calculate the ( 2 /(CdEt a , liq-) given in 
column 9. 


TABLE I. —Heat of Reaction of CdEt a with Aqueous H a SQ 4 


Expt. 

wt. 

CdEt* 

(g.) 

fWater 

equiv. 

(cal./’C) 

1 

AT ° C . j 

| (obs.) 1 

Purity 

% 

- A£ 
(kcal.) 

- AH 
(kcal.) 

M 

(kcal.) 

1 Q,(CdEt*, liq.) 
(kcal. mole -1 ) 

I 

2-764 

1270 

0*967 

99-0 

76*0 

74-8 

- 075 

**" 14-25 

2 

2*810 

1270 

0*969 

990 

75-35 

74'i5 

- 075 

- I3*h 

3 

1*865 

12 72 

o*66o 

99-9 

76-85 

75-65 

- 07 

" 150 

4 

2740 

1270 

0*968 

99-8 

76*6 

75-4 

- 075 

- 1485 

5 

2*194 

1270 

0 773 

99-8 

76*4 

75-2 

- 075 

- 14-65 

6 

3*086 

1280 

1-083 

99.9 

76*6 

75-4 

— o-8o 

- I4‘9 

7 

2*829 

1275 

0-985 

99-8 

75*8 

74-6 

- o*75 

- 14*05 


Mean value of g,(CdEt a , liq.) — — 14*5 kcal. mole*" 1 . 

Maximum deviations from mean : 0*5 kcal., — 0*9 kcal. 

Standard error of mean ± 0*18 kcal. 

(6) ZnMe a and ZnEt,: 

The decomposition of the Zn alkyls by water (or aqueous acids), 
takes place with extreme violence, so much so that the hydrolysis 
reaction, ZnR a -f~ 2H a O Zn(OH) a + 2RH, 

* Tables of Selected Values of Chemical Thermodynamic Constants (Bureau of 
Standards, Washington, 1948). 
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may not completely express the mode of decomposition. Under the 
experimental conditions used in our reaction vessel—in which glass phials 
containing | g. or more of ZnR a were quickly broken into a relatively 
large volume of water or dilute H 2 S 0 4 —some small amount of thermal 
decomposition of the dialkyl would seem to accompany the main hydrolysis 
reaction. With ZnEt a , for example, the gaseous products resulting from 
hydrolysis showed small amounts of H a and C 2 H 4 admixed with C 2 H € . 
Furthermore, in the aqueous decomposition of ZnEt 2 , the Zn (OH) s 
precipitate was contaminated with numerous black specks, which we 
have not identified but presume to be specks of metallic Zn. A similar 
blackening of the Zn(OH) 2 precipitate was observed in the aqueous 
decomposition of ZnMe 2 . 

The relative extent of the side-reaction (or side-reactions) was found 
to be much reduced by decreasing the amount of Zn alkyl introduced 
into the water at one time : e.g. much less H 2 was produced by breaking 
two phials one after the other, each containing £ g. ZnEt a , than by break¬ 
ing a single phial containing i g. Znlit 2 . It seems probable that the side- 
reactions are the net result of an initial thermal disruption, ZnR a ->ZnR f- R, 
or of ZnR 2 -> Zn -f R -f K, caused by the intense local heating at the 
instant of breakage of the glass phials. 

The aqueous hydrolyses (and the acid decompositions) are thus rather 
less satisfactory reactions for thermochemical study in the case of the 
Zn alkyls than in that of the Cd alkyls, where, if side reactions occur 
at all, they do so to a much smaller extent. To counter the violence of 
the reactions with the Zn alkyls, we have investigated the hydrolyses 
in aqueous ether solutions. Under these conditions, the hydrolyses proceed 
at a more leisurely pace, and the Zn(OU) 2 precipitate produced is white 
and clean. 

The result of (3 experiments on the aqueous etherial hydrolysis of 
ZnMe 2 are set out in Table II. Analyses of the Zn(OH) 2 precipitates 
remaining in the reaction vessel after each experiment indicated that 
the ZnMe 2 samples used were ca. 99 % pure : the volumes of CH 4 pro¬ 
duced indicated rather higher purity than this, and the results given in 
Table II are based upon an average purity figure of 99*5 %. 


TABLE 11 . —Hydrolysis of ZnMe a in Aqueous Etherial Solution 


Expt. 

Wt. ZnMcj 

Water 

AL c C 

- AE 

- A H 

j 

I CMZnMe*, liq.) 
(keal. mole- 1 ) 

(*.) 

n 7 C) 

(obs.) 

(keal.) 

(keal.) 

I 

1*509 

1236 

0-767 

60-2 

59 *o 

- 6-4 

2 

1*370 

1236 

0-700 

60-5 

593 

“6-7 

3 

1*4774 

1232 

0-763 

6i-o 

59 -« 

- 7-2 

4 

1*6703 

1238 

0-850 

60-4 

59-2 

— 6-0 

5 

1265 

1*35 

0-640 

59*9 

58 7 

— 6-i 

6 

1-406 

1238 

0-718 

6o-6 

594 

- 6-8 


Average purity of ZnMe a samples : 95*5 %. 

Mean value of — AH --- 59 -2 keal. 

Mean value of g/(ZnMe a , liq.) = — 6-6 keal. mole -1 . 

Maximum deviation from mean : ± oT> keal. 

Standard error of mean : ±0*14 keal. 

The values of 0 ,(ZnMe a , liq.) given in column 7 are calculated from 
the equation : 

0 /(ZnMe„ liq.) - AH + Q f ( Zn(OH) t , ppt.) + 20,(CH 4 , gas) 

- 20/(H a O, liq.) . . . . (4) 

The values of the last two terms in eqn. (4) are well-established, viz. 
0 z(CH 4 , gas) 5 = 17*89 keal. mole- 1 . 

0/IHjO, liq.) * - 68-32 „ „ 

On the other hand, the term in g / (Zn(OH) l ) is less accurately known 
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From the work of Fricke and Meyring,* it seems that the heat of forma¬ 
tion of precipitated Zn(OH), is not a precise thermochemical constant, 
as it may vary with the mode of preparation and age of the sample. We 
have used the value for (^(ZnJOH)* ppt.) recommended by Rossini 4 
(i.e. 153*5 kcal. mole -1 ) but it should be emphasized that there is some 
doubt attached to this figure, and the values derived for Q,(ZnMe a , liq.) 
carry any error that may be present in Q/(Zn(OH),, ppt.). Substitution 
of the above Q f values into eqn. (4) yields 

Q f ( ZnMe*, liq.) — AH + 52-6 kcal. . . . (5) 

from which the Q f values of column 7 are obtained. 

Table III gives the results from 5 experiments on the hydrolysis of 
ZnEt 2 in aqueous ether solution. The analytical tests showed the ZnEt* 
samples to be of high purity, and the results given are based on an average 
purity of 99-9 %. The values of Q f ( ZnEt*, liq.) given in column 7 are 
derived from the equation : 

0 ,(ZnEt 2 , liq.) ^ A H + 57-3 kcal. . . . (6) 

which is the equation corresponding to (5). 


TABLE III. —Hydrolysis of ZnEt 2 in Aqueous Ether Solution 


Expt. 

Wt. ZnEt* 

(g-) j 

Water 

equiv. 

(cal./-» C) 

| 

i A r*c 

(obs.) 

- A* 
(kcal.) j 

- a// 
(kcal.) 

1 

QWZnEt*,liq.) 
(kcal. mole -1 ) 

I 

1 *547 

1-237 

0-645 

1 

63-7 l 

! 62-5 

~ 5-2 

2 

1-417 

1237 

0590 

63-6 ' 

62-4 

- 5 ' 1 

3 

1*339 

i -!37 

0-561 

64-0 1 

62-8 

- 5*5 

4 

1-4846 | 

1240 

0-618 

f> 3*7 ' 

92-5 

- 5'-2 

5 

1 

2-259 

1238 

0-942 

1 

03 •« j 

62*6 

- 5 * 1 


Average purity of ZnEt* samples : 99-9 %. 

Mean value of — AH — 62-56 kcal. mole -1 . 

Mean value of 0 / (ZnEt 2 , liq.) - — 5-26 kcal. mole -1 . 

Maximum deviation from mean : ± 0-25 kcal. 

We have made several measurements of the heat of reaction of ZnEt 2 
with dilute (usually N) H 2 S 0 4 , Most of our earlier observations proved 
of little thermochemical value, because of the appreciable side-reactions 
accompanying the main reaction (in some cases, the side-reactions 
amounted to as much as 5 % of the total). Later, it was found that the 
side-reactions are much reduced by using smaller quantities of ZnEt,. 
in each phial (ca. £ to } g.). Some of the later results are collected 
together in Table IV. 

As in the experiments with CdEt 2 , an excess of 1 £ 2 S 0 4 was employed 
in each run, necessitating corrections for the heat of mixing M, given in 
column 6 of Table IV. The values for () / (ZnEt 2 , liq.), listed in column 8, 
are derived from the equation 

6,(ZnEt 2 , liq.) All -f 81-03 -{- M, . . . (7) 

which is obtainable from an equation analogous to (2), on substituting 
the value 0 r (ZnSO 4 , 100 H 2 Q) — 252-14 kcal. (see ref. 5). 

Earlier results than those listed in Table IV gave smaller values for 
— AH, corresponding to less negative values (by 1 or 2 kcal.) for Q,(ZnEt 2 ). 
One would expect the observed heats of reaction to be reduced by the 
occurrence of side-reactions such as 

ZnEt 2 Zn + C 2 H 4 f- C 2 H 4 . 


* Fricke and Meyring, Z. anorg. Chem ., 1937, 3 3 °» 357 - 
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Since, even in the later experiments listed in Table IV, side-reactions 
were not completely eliminated, the — AH values represent lower limits, 
and the true Q,( ZnEt,) should be still more negative than those found in 
Table IV. 


TABLE IV.— Heat of Reaction of ZnEt, with Aqueous H,S0 4 


Expt. 

Wt. ZnEt, 
(g.) 

Water 
equiv. 
(cal./ 0 C) 

Arc 

(obs.) 

-A E 
(kcal.) 

- ah 

(kcal.) 

M 

(kcal.) 

Qt 

(ZnEt,, liq.) 
(kcal. mole -1 ) 

I 

i *3373 

1277 

0*718 

84*6 

83-4 

- o *9 

- 3*3 

2 

i *4392 

1277 

0*772 

84*6 

83-4 

- °*75 

- 3 *i 

3 

i ’5474 

1277 

0*839 

« 5*5 

84-3 

— o *9 

- 4*2 

4 

1*4112 

1277 

0-764 

85*35 

84 -i 5 

- o*8 

- 3*9 

5 

i *3337 

1270 

0*710 

83*5 

82-3 

- o *9 

— 2*2 


* Maximum deviations from mean : ±0*5 kcal. 

* Mean value of Q f (ZnEt,, liq.) — — 3*6 kcal. mole -1 . 

* From data of Expt. 1-4 only. 


Some results on the heat of reaction of ZnMe 2 with aqueous H 2 S0 4 
are given in Table V. In these experiments we were not able to make 
reliable estimates of the extent of side-reactions, but we would presume 
they occurred to similar extent (i.e. 1-2 %) to those in the reactions with 
ZnEt,, listed in Table IV. The 0,(ZnMe t , liq.) values are calculated 
from 

0,(ZnMe„ liq.) - AH -f 76-3 + M, . . . (8) 

which is the equation corresponding to (7) 

As previously stated, the Q f (Zn R,) values derived from heats of acidi¬ 
fication are probably too large (due to side-reactions). On the other 
hand, the heats of hydrolysis in etherial solution give Q f values which are 
probably too small. The reactions were carried out in a sealed reaction 
vessel, and corrections should be made to the observed — AE to allow 
for spurious heat effects due to solution of a portion of the gaseous products 
in the solvent medium. In the acid reactions, the solution effects are 
quite small, and the heat corrections have been considered unimportant. 
Hut in the ether hydrolyses, both CH 4 and C a H e (particularly the latter) 
dissolve to an appreciable extent in the ether solvent. We would expect 
the observed heats of reaction to be increased by solution of the gases, 
leading to smaller observed values for Q f than the true values. The 
solution heat corrections would be expected to be larger in the experi¬ 
ments using ZnEt 2 , than in those using ZnMe 2 , but lack of solution heat 
data prevents an estimation of the magnitude of the corrections. 

TABLE V.— II hat of Reaction of ZnMe, with Aqueous H,S 0 4 


Expt. 

Wt. ZnMe, 
(g.) 

Water 1 
equiv. 1 

M./°u 

A l 0 C 

1 (obs.) 

- A E 
(kcal. i 

: 

; -AH 

! jktal.) 

M 

(kcal.) 

Qf 

(ZnMe, liq.) 
|(kcal. mule -1 ) 

1 

1 

1 *6108 

1287 

1*070 

1 

82*0 

8o*8 

— o*8 

i - 5*3 

2 

1 * 54 1 

1287 

1*025 

82*1 | 

So*»> 

- o *9 

: - 5*5 

3 

l ' 4 t, 3 

1267 

0*958 

82*3 

81 • 1 

- o *9 

! ” 57 


Average punty of ZnMe, samples taken as 99*5 y 0 . 

Mean value of Q f (ZnMe tl liq.) = — 5*5 kcal. mole -1 . 

Average deviation from mean : ±0*2 kcal. 

A rough estimate of the amount by which the heats of acidification 
are too small (due to ca. 2 % side-reactions) suggests that ca. 1 kcal. 
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may be involved. Making due allowance for the various corrections, we 
propose 

Q f (Zn Me*, liq.) = — 6*3 ± 1 kcal. mole- 1 . 

Q f (Z nEt„ liq.) = — 4*3 ± 1 kcal. mole- 1 . 

as the best values given by our data. The limits of error (± 1 kcal.) 
cover the range over which the mean values of 0 /(ZnR,) lie, as determined 
by both sets of experiments. 

These values agree very well with those recently reported by Long 
and Norrish 7 from measurements of the heats of combustion of zinc 
dimethyl and zinc diethyl (— 6*5 kcal. mole' 1 and — 4*1 kcal. mole- 1 
respectively). 

Heats of Iodination of ZnEtj and GdEtj.—ZnEt a reacts rapidly 
with a solution of excess 1 2 in benzene at room temperature. CdEt, 
reacts similarly, but much less rapidly; in etherial I a solution, however, 
CdEt 2 reacts very quickly. The principal reaction between the di-alkyls 
and 1 2 is the formation of EtI : 

MEt 2 4- 2l 2 iEtl -f- MI*. . . . (9a) 

Under the experimental conditions we have used, some small amounts of 
side-reaction accompanied the main reaction. The iodine balance 
indicated that the reaction, 

MEt 2 + I a -> C 4 H 10 -f MI,, . . . (9b) 

occurred to some extent, and the formation of small quantities (a few 
ml.) of C,H* suggests that the reaction 

MEt, 4 ~ 2I, —► C 2 H B 4 ~ C 2 H 4 I 2 4 * MI 2 • • (9^) 

also contributed together with (9 b). 

In the absence of side-reactions the observed heat of iodination 
would correspond to the heat of reaction (9a), and enable a value for 
0 /(EtI) to be obtained directly. The occurrence of side-reactions re¬ 
quires that some correction be made to the observed heats of iodination, 
so that the true heat of (9 a) can be assessed. Fortunately, the side- 
reactions (9 b) and (9 c) occur only to a small extent, and the corrections 
(which arc difficult to assess exactly) are not large. Whilst the presence 
of these side-reactions prevents a highly accurate determination of the 
heat of reaction (9 a) by this method, a value lying well within the limits 
± 2 kcal. can be obtained. 

(a) Heat of Iodination of ZnEt 2 .—The heat of the reaction 
ZnEt a (liq.) -f 2l 2 (benzene) -* 2EtI(benzene) 4- Znl 2 (ppt.) 

+ (? 2 kcal.(10) 

is related to the heat of formation of EtI by the equation 

20,(EtI benzene) = 0 a — 0 /(ZnI 2 , ppt.) + Q f ( 7 , nEt„ liq.) 

4- 20/(1 2 , benzene) . . . . (11) 

Substituting the values : 

0 ,(ZnI a , ppt.) 6 — 49*98 kcal. mole- 1 

0 ,(ZnEt 2 , liq.) ~ — 4-3 (± 1) kcal. mole” 1 . 

0/(1 2 , benzene) 8 = - 4-3 
in eqn. (11), one obtains 

0 z(Et, I, benzene) = Q t j 2 - 31*45 ( 4 : i) kcal. . (12) 

The experimental values of Q 2 , obtained from 6 experiments, are 
listed in Table VI. In column 6 the estimated amounts of the side- 
reactions g(b) and 9 (c) are given to the nearest %. The corrections applied 
to — AF/obs. in order to arrive at 0, are based on the correction figures: 
— 0*12 kcal. for each unit % of side-reaction 9(6), and — 0*04 kcal. for 
each unit % of side-reaction 9(c). Whilst both the estimates of the % 

7 Long and Norrish, Phil. Trans. A, 1949, 241 , 587. 

• Hartley and Skinner (unpublished results). 
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TABLE VI.— Heat of Iodination of ZnEt # 


Expt. 

Wt. ZnEt* 
(g.) 

Water 
equiv. 
(cal./ 0 C) 

A T ° C 
(obs.) 

A^0b8. 

(kcal.) 

% side-reaction 

Qt 

(kcal.) 

9(0 

9(0 

I 


1242 

0*704 

82*4 

3 I 

2 

8 2*0 

2 

1*165 

1242 

0*622 

8t*9 

3 

2 

8 i *5 

3 

1*292 

1242 

0*692 

82*2 

3 

2 

8i*8 

4 

1*448 

1242 

0-764 

81 *2 

2 

1 

80*9 

5 

1*562 

1241 

0-847 

83*0 

5 

2 

82*2 

6 

1*4690 | 

I 

1242 

0-776 

8i*i 

2 

i 

1 

8o*8 


Mean value of -= 81*5 kcal. mole -1 . 
Maximum deviations from mean ±0*7 kcal. 
Standard error of mean — ± 0*22 kcal. 


side-reaction, and the correction terms to be applied for each unit % of 
side reaction, are not very exact, the corrections are fortunately relatively 
small. In our view, the conclusion 

Qt ~ 81*5 ± i*o kcal. 

allows for the uncertainty in our observed heats of reaction due to the 
experimental and side-reaction errors. Substituting this value for Q 2 
into eqn. (12), we obtain 

Q f ( EtI, benzene) = 9*3 ± 1 kcal. mole -1 
(b) Heat of Iodination of CdEt*.—The reaction of CdEt 2 with I a 
was studied in etherial solution. Representing the heat of the reaction 
CdEt 2 (liq.) -f 2l 2 (ether) 2 EtI (ether) -f Cdl 2 (ppt.) . (13) 

by Q z kcal., the equation 

0 ,(EtI, ether) = 0,/2 - 33-05 (± i) kcal. . . (14) 

(corresponding to eqn. (12)) may be obtained assuming the following 
Q f values : 

(^(Cdl*, ppt.) 5 — 48-0 kcal. mole -1 
Q f (CdEt. z , liq.) ^ — 14 5 ( ± i) kcal. mole -1 
Q f (l a , ether) 8 ~ — 1*8 kcal. mole -1 . 

Several experimental measurements of Q 3 were made, from which a 
representative selection of 6 are given in Table VII. The final recom¬ 
mended value, 

Q s = 84-4 ± 1 kcal. mole -1 
substituted into eqn. (14) gives 

Q/(EtI, ether) = 9*15 ± 1 kcal. mole -1 . 


TABLE VII. — Heat of Iodination of CdEt* 


Fxpt. 

Wt. CdEt* 
(g.) 

Water 

equiv. 

(cal./°C) 

A T* 
(obs.) 

"" A^obs. 
(kcal.) 

% side-reaction 

* 

9(0 

9(0 

(kcal.) 

4 

1*4606 

123 ° 

0-590 

84-7 

ca. 4 

ca. 2 

84*0 

7 

l* 95 b 

1239 

o*8oo 

86-3 

ca. 5 

ca. 2 

85*5 

9 

2*251 

1243 

0*902 

84-9 

ca. 5 

ca. 2 

84*1 

11 

1*989 

1240 

o*8og 

85 9 

ca. 5 

ca. 2 

85*1 

12 

1*982 

1243 

o *793 

84-8 

ca. 5 

ca. 3 

84*0 

13 

2236 

1243 

0*891 

84-4 

ca . 5 

ca. 2 

83-6 


Mean value of Q % — 84 4 kcal. mole -1 . 

Max. deviations from mean — + i*i, — o*8 kcal. mole -1 . 
Standard deviation from mean — ± 0*28 kcal. 
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Dissociation Energies of Zn~~C and Cd—C Bonds —Denoting the 
bond dissociation energies of the two M—R bonds in MR 2 by D x and 
Z> 2 , viz. 

MR 2 MR + R - D t kcal. . . . (15) 

MR -> M + R - D x kcal. 

the thermal relationship between D lt Z) 2 and the heats of formation of 
MR 2 , M and R is 

(D, + D 2 ) = QA MR.) - QAM) - 20 ,(R). . . (16) 

All the terms in Q f in eqn. (16) refer to gaseous states. 

Values for 0 /(R) (where R — Me or Et) have been given elsewhere 
by Roberts and Skinner.* Values for Q/(M) (M = Cd or Zn) follow from 
the heats of sublimation of the metals, given by Kelley. 10 The values 
of 0 ,(MR 2 , gas) are obtainable from the j 2 ,(MR 2 , liq.) of this paper 
and published heats of vaporization of the di-alkyls. The relevant data 
are summarized in Table VIII. 


TABLE VIII. —Bond Dissociation Energies in Z11 and Cd Alkyls 


Molecule ] 

(?/(MR 2 , Uq.) 
(kcal.) 

Qf{ MR*, gas) 
(kcal.) 

9 /(M) 

(kcal.) 

<?/(K) 

(kcal.) 

(lh + D t ) 
(kcal.) 

Wh + D.) 
(kcal.) 

. 

CdMe a 

—16-7® 


— 2t>-8« 


<> 5*8 

32*9 

CdEt 2 

-M* 5 e 

-*4-y 

— 20*8 r 

— *5' i* 1 

5 2 ’9 

| -26*5 

ZnMc s 

- <>* 3 ‘ 

- 13 - 5 ' 

- 3 I-2<= 

-321 

81*9 

| 

ZnEt 2 

- 4 * 3 " 

~* 3 * lA 

— 3 l'2 c 

-253 

687 

| 34*4 


a. Carson, Hartley and Skinner. 1 The value given here (Q f , liq. — — 16*7) 
differs by —0*4 kcal. from that quoted in ref. 1. The reason for this change 
lies in the difference of — 0*4 kcal. between the value of (^(Cdl,, cryst.) used 
here (ref. 5) and that used in ref. 1. 

b. Bamford, Levi and Newitt, 11 A V ap.(CdMe 2 ) = 85 kcal. 

c. Kelley. 10 

d. Roberts and Skinner.® 

e. This research. 

/. We have estimated Avap.(CdEt 2 ) ~ 10*0 kcal. 

g. Bamford, Levi and Newitt, 11 A V ap.(ZnMe 2 ) -- 7*2 kcal. 

/*. Hein and Schramm, 12 Avap.(ZnEt 2 ) ~ 8-8 kcal. 

The absolute values quoted for (D 1 +D 2 ) in Table VIII carry the ex¬ 
perimental errors present in both 0 / (MR 2 , gas) and < 2 ,(R). The former 
probably lie well within ± 2 kcal., and an error of similar magnitude 
may be present in the 0 /(R) values (which depend upon two assumed 
values, viz. D(CH 3 —H) = 102*0 kcal., and D(C 2 H 6 —II) — 97*5 kcal.). 
The overall error in the mean bond dissociation energies (i.e. in i {D x -f D t )) 
is thus of the order ± 2 kcal. 

Elsewhere, one of us 18 has pointed out that there is no reason to 
expect D 1 = D 2 = b(Di -f D 2 ), and that, more probably, D t > for 
the di-alkyls of Group iib. None the less, the marked fall in the mean 
bond dissociation energies in MR 2 , as we pass from R = Me to R = Et, 
almost certainly implies a fall at least as large in Z) 2 . In this event, 
one would expect the MEt s compounds to be thermally less stable than 
MMe 2 , in so far as the initial step in thermal disruption is the split into 
R -f- MR. In the case of CdEt 2 , relative to CdMe 2 , the thermal instability 
is most marked, for whereas CdMe 2 can be distilled without decomposition 

9 Roberts and Skinner, Trans. Faraday Soc., 1049, 45, 339. 

10 Kelley, U.S. Bur. Mines Bull., 383, 1935. 

11 Bamford, Levi and Newitt, J . Chem. Soc., 194O, 468. 

12 Hein and Schramm, Z. physik. Chem. A, 1930, 149, 408. 

13 Skinner, Trans. Faraday Soc., 1949, 45, 20. 
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at atmospheric pressure, CdEt* decomposes violently under similar 
treatment, and can only be distilled satisfactorily under low pressure 
(20 mm. or less). ZnEt a on the other hand is thermally stable, relative 
to CdEt„ presumably due to the greater strength (by ca, 7-8 kcal.) of 
Zn—C relative to Cd—C bonds. The conclusion that the bond dissoci¬ 
ation energies are higher in MMe a than in MEt* is consistent with the 
observations of Bamford and Newitt 14 on the rates of oxidation of the 
alkyls ; the methyl derivatives react with oxygen much more slowly 
than the higher ones. 

Dissociation-energy of C—I in C2H5I.—Making due allowance for 
the heats of solution of liquid EtI in benzene and in ether, the results of 
a previous section give 

(а) £),(EtI, liq.) = 9-4 kcal. mole -1 (± 1 kcal.) 

(б) 0 /(EtI, liq.) = 9*15 kcal. mole" 1 (± 1 kcal.) 

in which (a) is derived from the heat of iodination of ZnEt 2 , and (6) from 
the heat of iodination of CdEt 2 . The results agree reasonably well with 
one another, considering the difficulties due to side-reactions, and the 
uncertainties in some of the assumed data e.g. j 2 ,(Zn(OH) 2 ). Of the 
two values quoted, (b) seems the more reliable. 

Recently, Springall and White 16 have reported a new measurement 
of the heat of combustion of liquid EtI (350-5 ± 0-5 kcal. mole”* 1 ), 
corresponding to g,(EtI, liq.) — 8-4 ± 0-5 kcal. mole -1 . The agreement 
between the combustion heat value, and the values given here, lies within 
the estimated experimental errors of the two separate determinations. 

The value (^(Etl, liq.) =9*1 -fc 1 kcal. mole -1 corresponds to 
£>/(EtI, gas) =r 2-0 ± 1 kcal. mole -1 , and (assuming D(C 2 H # —H) = 97*5 
kcal. for the C—H dissociation energy in ethane •) leads to 
D(C,H 5 —I) - 52-8 : f 1 kcal. 

for the dissociation energy of the C —-1 bond in ethyl iodide. 

In Part I, the present authors gave 55*0 kcal. for the C—I dissoci¬ 
ation energy in CH # I. This value we would now amend slightly to 
54*8 kcal., in view of our new measurement (— i-8 kcal. mole 1 ) of the 
heat of solution of I 2 in ether.* Accordingly, the comparable experiments 
on the heats of iodination of CdMe 2 and CdEt, lead to a difference of 
2 kcal. between D(CH 3 —I) and D(C 2 I 1 5 —I), relative to an assumed differ¬ 
ence of 4-5 kcal. between D(CH 3 —H) and D(C 2 H 5 —H). The difference 
agrees precisely with that given by Baughan and Polanyi in their table 
of C—1 bond energies, as derived from the pyrolysis experiments on 
alkyl iodides by Butler and Polanyi. 16 

The authors wish to express thanks to Prof. M. Polanyi, F.R.S., for 
his interest and encouragement during the course of this research. 

Chemistry Department , 

University of Manchester. 


11 Bamford and Newitt, J. Chtm. Soc., i<>4<>» oSS, O05. 

15 Springall and White, Reseat eh, 1049, 2, 290. 

16 Butler and Polanyi, Ttans . Faraday Soc , 1043. 39, 19. 



REVIEWS OF BOOKS 


1168 


REVIEWS OF BOOKS 

The Adsorption of Gases on Solids. By A. R. Miller. (Brooke 
Crutchley, at the Cambridge University Press, 1949.) Pp. ix + 133, 
Price 12s. 6d. 

The years which have elapsed since the publication in 1939 of Some 
Problem in Adsorption by J. K. Roberts have seen further applications 
of the methods of statistical mechanics to the treatment of the ad¬ 
sorption of gases on solids. There has, however, been no corresponding 
output of refined experimental material with which to test the statistically 
derived expressions although in some cases the models assumed and the 
approximations made are such as to render impossible comparison of 
theory with experiment. Recently the non-uniformity of the adsorbent 
surface has been stressed, so although a change in emphasis can be 
expected the present is an opportune time to review the statistical de¬ 
velopments of the past decade. 

According to the preface Dr. Miller’s book is a “ revision of Roberts's 
tract on adsorption Some revisions are known to result in the pro¬ 
duction of a totally new work, but this volume is not such an instance 
for it contains unaltered, except for rearrangement, about two-thirds of 
the contents of the original tract. Furthermore, since it is a monograph 
and not a handbook it is restricted to certain selected references and 
consequently the title does not give an accurate indication of the contents 
of the book. 

In order to accomplish the revision, judicious pruning has been exercised 
to make room for the new material and hence the text has only increased 
by ten pages. With the exception of the new title of Chapter 3, the chapter 
headings have been retained. The main additions are in those parts 
of the work concerned with the energetics of the adsorption process. 
Chapter 2, for example, containing a consideration of the statistics of a 
geometrically random distribution of pairs of occupied sites. Previous 
treatments of the effect of forces between adsorbed particles assumed 
a fixed interaction energy which is negligible for distances apart greater 
than some critical value. In Chapter 3, however, there is a discussion 
of the dependence of the heat of adsorption on coverage which takes 
cognizance not only of the potential energy of an adsorbed particle as 
this varies continuously and periodically with its position on the surface, 
but also of the variation with distance apart of the mutual potential 
energy of adsorbed particles. Experiment shows that the dipole moment 
of the adsorbate is not a constant but decreases with increasing coverage 
and the contents of Chapter 7 show how this can be taken into account. 

The subject matter is well arranged and presented and the book 
itself excellently produced. The subject index is well done but there is 
no author index. This volume will be welcomed by all workers in the 
field and can be recommended as containing a trustworthy account of 
the application of statistical mechanics to some problems in adsorption. 

V. A. C. 
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Crystals and X-rays. By Kathleen Lonsdale. (G. Bell & Sons Ltd., 
London, 1948.) Pp. viii + 199. Price 21s. 

This book is about the study of the structures of crystals by X-ray 
•diffraction methods ; the generation and properties of X-rays are de¬ 
scribed only in so far as the information is necessary for the effective 
use of these rays in crystallographic investigations : the crystals are the 
objects of study, the X-rays are the tools used. The book is a highly 
condensed survey, in some 200 pages, of the methods and some of the 
outstanding results of such studies. 

It is based on a course of public lectures given at University College, 
London, in 1946, and the style retains some of the characteristics of this 
origin ; the informality and clarity of the author's lecture style make it 
eminently readable, and explanations are illustrated by many diagrams 
and photographs and enlivened by homely analogies and humorous 
asides. Let it not be supposed, however, that because the book is semi- 
popular in style it is superficial ; on the contrary, its explanations refer, 
as far as possible in a book of this type, to fundamental concepts, and a 
surprisingly large amount of information on a very wide range of subjects 
is packed into its moderate compass. Indeed, the principal criticism 
which arose in the reviewer's mind when reading it is that in trying to 
•cover such an immense range, the author may have gone too fast for 
some readers, or have condensed an argument by making a jump which 
her readers may not be able to emulate. 

The first chapter—a historical introduction which includes a thrilling 
account of the discovery of X-ray diffraction in 1912 and the way in which 
the phenomena were elucidated by Laue and his school and the Braggs 
—is, to the reviewer, one of the best in the book. The familiar epic is 
told in such a way as to show how incorrect ideas were eliminated by 
successive experiments and by following up clues which turned up un¬ 
expectedly ; it is a stimulating lesson to all research workers. After a 
chapter on the generation and properties of X-rays which contains much 
practical information, there follow two chapters which deal in a highly 
compressed manner with unit cells, symmetries and space groups, and 
their determination by X-ray methods helped out by the reciprocal 
lattice concept ; the essential ideas are here, but taken at such a speed 
that beginners may not be able to make the grade ; the reviewer felt 
rather breathless. The fifth chapter, on 44 Extra-structural studies”, 
•deals with imperfections and the thermal motions of atoms and mole¬ 
cules in crystals (another high spot, this) and the last draws attention 
to the many chemical contributions of X-ray analysis. 

No serious errors have been noticed ; but there are inevitably some 
places where one would like to question the author's point of view. The 
assertion (p. 85) that the reciprocal lattice and the atomic model are 
equally real (or equally unreal) is difficult to accept; we think, with 
good reason, that there are entities called atoms actually at the places 
where calculations or electron density maps say they are ; a similar 
thing would never be said about the reciprocal lattice, which is frankly 
a piece of mental scaffolding, a convenient fiction. On the same page, 
the generalization about the reciprocal relation between crystal habit 
and unit cell shape seems to be pushed too far; it is misleading to con¬ 
nect the octahedral habit of many cubic crystals with the fact that 44 the 
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reciprocal of a cube is an octahedron ”, for an octahedral habit is shown 
by many crystals with face-centred lattices but not by those with other 
types of cubic lattice. A better approach to crystal habit (in so far as 
it is justifiable to treat it geometrically without reference to forces) is by 
way of Bravais’ generalization and its extension by Donnay and Harker. 
High polymer properties (p. 185) are not very happily treated ; the im¬ 
pression may be given that the difference between the properties of rubber 
and gutta-percha is more far-reaching than the facts warrant; this 
shows the danger of mentioning polymer properties without reference to 
temperatuie changes. A statement that long-chain polymers are tough 
and horn-like when crystalline but become flexible and elastic above 
their melting points (if the molecules are long enough) would have been 
more helpful; the contrast between gutta-percha and rubber at room 
temperature then falls into line as an example, because the melting point 
of the former is above and the latter below room temperature. 

These, however, are minor matters. The book is a rapid panorama 
of method and achievement in X-ray analysis, it is eminently readable 
(as scientific text books should be : it is an artistic necessity that im¬ 
portant and interesting material should be worthily presented), and it 
communicates to the reader some of the author's enthusiasm. If at 
times it seems to go too fast or to be ovcr-compressed, that is only to say 
it ought to have been longer. It is very warmly recommended to the 
attention of all who are interested in the structures of crystalline 
substances. 

C. W. B. 


Photoelectric Methods in Clinical Biochemistry. By G. E. Delory. 

(Hilger and Watts, Ltd.) Pp. x -j- 00. Price 15s. 

In a foreword to this book Prof. E. J. King states that the aim is three¬ 
fold : to give in a simple fashion the theoretical background needed for 
the intelligent use of photoelectric colorimeters ; to give descriptions and 
instructions for the use of the Hilger vSpekker and Biochein. Absorptio- 
meters, and to give practical details for the colorimetric procedures most 
commonly undertaken in clinical biochemical laboratories. 

The first of these aims is dealt with in chapters j-3. A short account 
is given of Lambert's and Beer's laws, technical terms in common use, 
and multiple absorption. Instruments of the visual type, e.g. Duboscq 
and Pulfrich are only briefly mentioned since they are not photoelectric 
colorimeters. Photo-emissive cells are dismissed in one short paragraph 
which is not altogether correct. More space is given to a description of 
barrier-layer photo-cells since these are the type employed in the Hilger 
instruments. Other designs of colorimeters are not described but three 
references are given. Data are also given for Ilford and Chance Filters. 
Regarding the data given for Ilford Spectrum Filters the reviewer would 
point out that in addition to the transmission bands shown all No. 601, 
602, 604 and 605 filters examined by him show a secondary light band 
in the red centred at ca . 680, 730, 719 and 719 m/x respectively and that 
this may produce a ” stray light " effect under certain conditions. 

Under the heading, “ Optimum instrument readings ”, the author 
points out that accuracy is greatest at an optical density of 0*43 but no 
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serious loss of accuracy is involved between 0*2 and o*8. He then suggests 
that these considerations are concerned with a degree of accuracy outside 
the limits set by other factors, such as the chemical procedure involved. 
This view appears to be reflected in the method given (p. 31) for the selec¬ 
tion of test tubes for the Biochem. Absorptiometer which the reviewer 
would criticize strongly. The method given is that of selection of 6 x f in. 
thin-wall tubes by filling them with distilled water and selecting those 
which give 100 % transmission (zero reading on the logarithmic scale). 
This is only a test that the tube filled with water is not seriously distorting 
the optical system and the reviewer suggests that it would be much more 
profitable subsequently to use a coloured solution together with a suitable 
filter so that the density reading is of the order of 0*43. This would result 
in the selection of tubes of uniform internal diameter. 

Chapters 4 and 5 deal with the construction of the Spekker and Biochem. 
Absorptiometers respectively and give full details for their operation. 
Chapter 6 gives methods in suitable form for use with these two instru¬ 
ments for the determination of 22 substances encountered in clinical 
biochemistry. References to the original papers are given. Of 4 checked 
at random, one to King et al. (1937) h as t* 10 P a £ e given as 866 instead of 
886. In most cases, as the author says, the methods have been adapted 
into a form suitable for these instruments. 

Typical calibration curves are given for 12 substances, but the author 
points out that these only illustrate the relationship between instrument 
readings and concentration, and that the operator must prepare calibra¬ 
tion curves for his own instrument. Much space is taken up by these 
curves which are of limited value. Moreover, in many cases the values 
quoted, e.g. Bilirubin in plasma (o*3-o*8 mg./100 ml. but up to 1-7 mg. 
occasionally) would give densities as shown on the calibration curve below 
o-2 ; the instruments would not therefore be used within their optimal 
working range. 

The collection of methods given in this book should be of value to 
workers in hospital laboratories who have available one of these absorptio¬ 
meters. The price, however, seems very high for a book of this kind. 


-J 

Molecules and Crystals in Inorganic Chemistry. By A. E. van Arkel 
(English trans. bv J. l\ Swallow). (Butterworths Scientific Publica¬ 
tions, 1949.) Pp. ix 1- 234. Price 17s. 6d. 

This is a translation of the third Dutch edition of Moleculen en Krist - 
alien (now in preparation). It is concerned with the subject of the cor¬ 
relation of structure and properties of inorganic compounds. The treat¬ 
ment is based on the distinction between “ the electrostatic and homo- 
polar bonds ” ; this generalization has its dangers but the author em¬ 
phasizes throughout the limitations and the approximate nature of his 
exposition. It is intended for first-year science and medical students, 
but the value of the present volume is somewhat marred by lack of care 
in presentation. If the translation is a faithful representation of the 
original text, it is regrettable that it should have been published without 
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some editorial attention. There seems little excuse in an element¬ 
ary text-book for the presence of many statements which are either 
misleading or ambiguous. To quote two of these : (i) page 146—“ In 
CC 1 4 the field of the positive ion attracts the electrons of the Cl~ ion 
inwards ” ; (ii) page 214—with reference to Fig. 43 (an adsorption iso¬ 
therm showing the amount adsorbed as a monotonicly increasing 
function of the concentration)—“ ... as the surface of the adsorbent 
becomes covered with molecules the amount adsorbed will diminish ”. 
On page 38 there is a peculiar reaction : I -f 0 = I', with 0 undefined 
in the text. Lack of care is also evidenced by the units given in many 
of the tables. In columns 2 and 3 of Table III, " radius x io* ” is 
meaningless; the units are missing from Table IV. Heats of formation 
in Tables XVIII and XX are given rather unusually in kcal./equivalent 
(presumably g. equivalent is meant), whereas in Table XIX the heats 
of formation are given in kcal.—possibly this time per mole ! 

There is a good subject-index and some suggestions for further reading. 

F. C. T. 


Tables of Electric Dipole Moments. Compiled by L. G. Wesson. (The 
Technology Press, Massachusetts Institute of Technology, 1949.) 
Pp. 90. Price $2.50. 

The value of compilations of physico-chemical data need not be 
stressed ; so we welcome briefly but very warmly these new tables of 
electric dipole moments, the first complete list to appear for nearly 
fifteen years. 

The present tables list inorganic and metallo-organic compounds 
alphabetically, and organic compounds by empirical formula, the 
systematic name following. After this description, the solvent used 
(if any) is specified, the temperature, 01 temperature range, of observation 
is given, next the moment, and finally the reference. Observations by 
different authors are given separately; and errors are quoted when 
authors estimate them, which they do but rarely. The literature is 
surveyed up to August 1948. Values for over two thousand substances 
have been collected. A number of omissions and errors have come to 
light, but this is to be expected in so big and arduous an undertaking. 
The photo-offset process used for printing gives a clear and quite hand 
some page. 

It is to be regretted that this publication has not been announced 
in this country through the usual trade channels and consequently is 
hardly known over here, for it is much too useful to be missed. The 
price quoted is that charged by the publishers who will supply direct. 
Even to us, in our present depreciated state, it is good value. 

L. E. S. 
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Preparations and Characteristics of Solid Luminescent Materials. Ed. 

by F. Seitz and G. Fonda. (John Wiley & Sons, Inc., New York, 
and Chapman & Hall, Ltd., London, 1948.) Pp. xvi + 459. Price 30s. 

In a review of this book [Trans. Faraday Soc., 1949, 45, 302) it was 
noted that all contributors except one from England were Americans 
and it was remarked : “If the reason is that the English scientist can 
afford neither time nor money for such meetings, then some responsible 
organization should help to alleviate such hardship. If, however, the 
scientists in the States feel that English and Continental workers have 
little to contribute, then, as the Faraday Society attempts to do by its 
Discussions, we must make every effort to encourage our American friends 
to come to England, and hope that we may disillusion them • 

Dr. Fonda now writes : “ Let me assure you that we shared the re¬ 
viewer's regret that Gariick was the only British scientist who was able 
to attend and that Holland was completely unrepresented. We had 
sent invitations to individual British and Dutch scientists and also a 
blanket invitation “ (through the British Admiralty). 

“ The Atlantic Ocean offers no longer the physical barrier of years 
ago, but it still remains a financial hurdle. Those of you who can make 
the leap, however, may always feel assured of a warm and appreciative 
welcome from us. And on our side, we are exceedingly jealous of the 
occasional American who succeeds in getting to you.” 

F. C. T. 


The Theory of Atomic Collisions, 2 nd Ed. By N. F. Mott and H. S. W. 

Massey. (Geoffrey Cumberlege, Oxford University Press, 1949.) 

Pp. 388. Price 35s. 

The second edition of Mott and Massey's well-known treatise will 
be welcomed by all scientists interested in atomic and nuclear collision 
problems. In the main the material of the first edition has been retained, 
with the changes and additions necessary to bring the material up to date. 
Most of the very few misprints in the first edition have also been removed. 

Since 1933, when the book originally apj>eared, there have been so 
many developments in the field of nuclear physics that a great deal of 
new matter had necessarily to be added ; the topics discussed include 
proton-proton and neutron-proton scattering, resonance processes in 
nuclear reactions, particularly those involving slow neutrons. A very 
useful account is given of several derivations of the dispersion formula 
originally due to Breit and Wigner, Nuclear fission is, of course, also 
dealt with ; it is, however, a relief to find that fission receives its proper 
place in a scientific treatise of this kind, being relegated to a small section 
at the end of a long chapter. 

It is hardly necessary to add that the new edition will become, as the 
first edition has been, the standard reference book on the theory of atomic 
and nuclear collisons. 


M. B. 
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Viscometry. By A. C. Merrington. (Edward Arnold & Co* London, 
1949.) Pp. viii + 142. Price 16s. 

This book is intended to provide a “ concise yet up-to-date ** account 
of viscometry for the practical research worker, and it accordingly deals 
more with experimental methods than with theoretical aspects. It 
certainly provides a very concise account of practical methods, although 
it cannot be said to be entirely up to date, due perhaps to the usual printing 
delays. 

After a brief introduction there are separate chapters devoted to capil¬ 
lary viscometers, rotational and oscillational viscometers, the falling- 
sphere method, technical viscometers and miscellaneous methods. The 
viscosity of gases is dealt with in some ten pages, and the final two chapters 
consider methods for very viscous materials and application to rheology. 

A number of tables are given as appendices ; of these 1 and 2, dealing 
with the dimensions of capillary viscometers and conversion tables for 
technical viscometers, are particularly useful. Appendix 5 seems un¬ 
necessary, and in Appendix 4 the choice of 10- 4 poise as the unit has 
little to commend it. 

Since intended for the practical worker a great deal more might well 
have been said concerning the limitations of the various methods described. 
For its size and content this book is too highly priced. 

A. E. A. 


^Monomers: Section I. Edited by E. R. Blout, W. P. Hohenstein 
and H. Mark. (Interscience Publishers, New York and London.) 
Pp. 312. Price 45s. 

During the last few years intense interest has developed in a class of 
organic compounds—known as monomers—from which macromolecules 
can be synthesized. This book comprises a series of comprehensive 
articles dealing with individual monomers. The information given 
includes methods of laboratory and large-scale preparation, physical data, 
purification, analysis, handling and storing, methods of polymerization, 
and an enumeration of the most outstanding chemical properties of the 
monomer. Whilst most of this information is scattered throughout the 
literature, the present volume is valuable in that the material presented is 
carefully sifted and its reliability checked by authors with special interest 
in this field. This volume contains separate articles on acrylonitrile, buta¬ 
diene, isobutylene, isoprene, methyl methacrylate, styrene, vinyl acetate 
and vinyl chloride. They are collected in a convenient binder. The editors 
are continuing the series and new articles can be easily added to the present 
binder. The information presented seems to be very complete and to 
contain unpublished [measurements from the editors* and authors* own 
laboratories. Since many of these monomers, e.g. acrylonitrile, are of 
importance other than in the polymer field the book has increased value 
and can be recommended as an excellent work of reference. 

C. E. H. B. 
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MINUTES OF THE 43 rd ANNUAL GENERAL MEETING 

Held on Friday, 23rd September, 1949, at The University, Reading. 

The President, Sir John Lennard-Jones, F.R.S., was in the Chair. 

1. The Minutes of the 42nd Annual General Meeting were taken as read and 
were confirmed. 

2. Annual Report and Statement of Accounts. 

In presenting the Annual Report for the year 1948 (Session 1948-49), the 
President referred to the great increase in the volume of publications. This 
showed the increasing importance of the Society, but with the additional 
cost of printing it had had 4fjrious repercussions on the financial side. 
Members were now receiving the monthly issues of the Transactions and 
two Discussion numbers a year at a cost to the Society of approximately 50s., 
apart from administration expenses, although their subscription had been 
maintained at 40s. Council had therefore, after long consideration, very 
reluctantly been compelled to recommend an increase in the annual sub¬ 
scription as from January 1950. 

Membership. Fortunately there had been a substantial increase in member¬ 
ship. At the end ol 1948 the total membership was 1783, and one could 
confidently anticipate that the 2000 mark would be reached at the end of 
1949. There had also been a gratifying increase in the number of Junior 
Members, and the Society might justifiably feel that it was taking a great part 
in bringing to the attention of young scientists recent advances in physical 
chemistry. 

The Hon. Treasurer w^as then asked to present his accounts for 1948. 
Finance. In proposing the adoption of the Accounts, Dr. Slade drew the 
attention of Members to the fact that during the war it had not been possible 
to print all the papers received, and money had been saved. At the begin¬ 
ning of 1948 about £4500 was available for the cost of printing the back lag 
of accumulated papers. During 1948 this sum, together with an additional 
^75, had been spent tor this purpose. Expenditure had been particularly 
heavy because the 1948 Accounts included the cost ol printing the Reports of 
two General Discussions which had been held in 1947. 

He was glad that it had been possible to delay increasing the Society’s sub¬ 
scriptions for so long, but it was now inevitable. Some help in meeting 
the increased costs of publication had been received from the Chemical 
Council’s fund for scientific societies, and he hoped that more would be 
forthcoming. 

The Annual Report and Statement of Accounts were then unanimously adopted. 

3. Election of Council. 

The Officers and Members of Council were elected to take office on the 1st 
of October as follows :— 


President 

Prof. Sir John Lennard-Jones, K.B.E., D.Sc., F.R.S. 

Vice-Presidents who have held the Office of President 
Prof. N. V. Sidgwick, Sc.D., D.Sc., F.R.S. 

Prof. M. W. Travers, D.Sc., F.R.S. 

Prof. E. K. Rideal, M.B.E., D.Sc., F.R.S. 

Prof. W. E. Garner, C.B.E., D.Sc., F.R.S. 

Prof. A. J. Allmand, D.Sc., F.R.S. 

H95 
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V ice-Presidents 


Prof. 
R. P. 
Prof. 
Prof. 


C. E. H. Bawn, Ph.D. 

Bell, M.A., F.R.S. 

H. J. Emel^us, D.Sc., F.R.S. 
M. G. Evans, D.Sc., F.R.S. 


G. Geb, Sc.D. 

Prof. Sir Cyril H inshbl$foqd, Sc.D., 
F.R.S. 

G. S. Hartley, X>.Sc[ 

r 


Hon, Treasurer 




O. H. Wansbrough-Jones, O.B.E., M.A., PHVfifc 


Chairman of the Publications Committee 
Prof. E. A. Guggenheim, M.A., Sc.D., F.R.S. 


Ordinary Members of* Council 


F. P. Bowden, Sc.D., D.Sc., F.R.S. 
Prof. C. A. Coulson, M.A., Ph.D., 
D.Sc. 

J. Ferguson, Ph.D. 

Sir Charles Goodeve, O.B.E., D.Sc., 
F.R.S. 

R. Lessing, Ph.D. 


M . Penney, O.B.E., D.Sc., F.R.S. 
J. T. Randall, D.Sc., F.Inst.P., 

Vjf.r.s. 

J. H. Schulman, O.B.E., Sc.D. 

R. Slade, D.Sc. 

H. W. Thompson, M.A., D.Phil., F.R.S* 


It was requested that Members be specifically reminded each year at the 
appropriate time that nominations for Officers and Members of Council 
should be sent to the Secretary. 

4. The thanks of the Society were accorded with acclamation to the retiring 
Members of Council, to Dr. Slade for his services during the past ten years, 
including the difficult and anxious years of war, to the Members of the 
Publications and Finance Committees and to all those who had refereed 
papers during the year. 

5. The Society's Auditors, Messrs. Knox, Cropper & Co., were re-appointed. 

This concluded the business of the meeting. 


MINUTES OF A SPECIAL GENERAL MEETING 

Held at The University, Reading, on the 23rd September, 1949, at the conclusion 
of the Annual General Meeting. 

The notice convening the meeting having been read by the President, it was 
resolved to make the following addenda to the Rules of the Society : 

Honorary Life Membership 

Addendum 1 . The Council shall have the power to elect to Honoraiy Life 
Membership any of its Members who have rendered outstanding services to 
the Society and to Physical Chemistry. Such Members shall enjoy all the 
privileges of Membership under Rule 6. The total number of Honorary 
Life Members shall not at any time exceed ten. 

Addendum 2. Rules 15 and 16 of the Rules of the Faraday Society shall be 
amended so as to effect an increase by 50 % of the subscriptions mentioned 
in these two Rules. 
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